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This research is focused on the multi-stress aging phenomena and lifetime
estimation of 15 kV EPR cable. In order to gain the suitable parameters for the lifetime
estimation, the aging study on the EPR cable samples as well as on the cable layers’
dielectrics samples was carried out at the High Voltage Laboratory of Mississippi State
University.
During the multi-stress aging study of 15 kV EPR cable samples, the EPR cable
samples underwent electrical stress, thermal stress, and environmental effects. The aging
time for the EPR cables varied from 650 hrs to 1300 hrs. An empirical aging model
describing the cables’ lifetime was derived from the partial discharge measurements
results.
The aging study on the EPR cable layers’ dielectrics was achieved as well. The
EPR insulation material samples were aged by combined electrical and thermal stress,
while the material samples of inner semi-conducting layer, outer semi-conducting layer,
and outer low-density polyethylene (LDPE) jacket were aged by thermal stress. The
measurement data was used for the newly proposed lifetime estimation method.

A new lifetime estimation method was introduced for the EPR cables. The
method assumed that the failures of cables results from the expansion of voids/cavities
initiated from the defects in the EPR insulation layer. The proposed lifetime estimation
method applied the finite element method (FEM) to solve the electric field distribution
inside the EPR cable with the existence of voids/cavities. The parameters were derived
from the aging study on the EPR insulation material samples. Assuming the
voids/cavities would expand in the direction of the maximum electric field stress, the
lifetime of the EPR cables was then estimated through the iteration. The introduced
method helped to establish a relationship between the aging study of insulation material
samples and the aging of EPR cable samples, which was long missing in the past studies.
It also provided a new way to assess the reliability of the EPR cable.

DEDICATION
I would like to dedicate this research to my parents Mr. Taiyi Cao and Mrs.
Yanmei Jiang as well as my wife Yulin Wang for their endless love and support.

ii

ACKNOWLEDGEMENTS
It is a great opportunity for me to express my sincere thanks to my Ph. D.
Program advisor, Dr. Stanislaw Grzybowski, for his invaluable guidance and support
during my research. I would be unable to achieve as today without his guidance. I would
also like to thank Dr. Nick Younan, Dr. Yong Fu, and Dr. Clayborne D. Taylor for being
a part of my dissertation committee and offering their valuable advice to improve my
work.
I would like to extend my thanks to all of the fellow members of the High Voltage
Team at Mississippi State University for their assistance and cooperation during my
research and measurements. I want to express my sincere gratitude to Dr. Keisha Walter,
Dr. Erick Vasquez, and Mr. Laibao Zhang of Swalm School of Chemical Engineering for
all the great help and advises during material properties measurement. I greatly
appreciate all the help from faculty members and staffs of Electrical and Computer
Engineering Department.
I would like to thank the Office of Naval Research (ONR) for providing financial
support to Mississippi State University for my research. This research project has been
sponsored by ONR Funds: N00014-02-1-0623, Electric Ship Research Development and
Consortium (ESRDC).
Finally, I wish to express my gratitude to my parents, wife, family members, and
friends who are always supporting me along the journey.
iii

TABLE OF CONTENTS
DEDICATION .................................................................................................................... ii
ACKNOWLEDGEMENTS ............................................................................................... iii
LIST OF TABLES ............................................................................................................ vii
LIST OF FIGURES ........................................................................................................... ix
CHAPTER
I.

INTRODUCTION .............................................................................................1
1.1
1.2
1.3

II.

LITERATURE REVIEW OF TYPES OF CABLES.........................................5
2.1
2.2

III.

Existing problem ....................................................................................1
Objectives of the study...........................................................................2
Contributions of the dissertation ............................................................3

Impregnated-paper cables ......................................................................5
Polymeric extruded cables .....................................................................9
2.2.1 Polyethylene ...................................................................................10
2.2.2 Cross-linked polyethylene .............................................................13
2.2.3 Ethylene propylene rubber .............................................................15

LITERATURE REVIEW OF AGING MECHANISMS AND AGING
PHENOMENA OF POLYMERIC CABLES ..................................................18
3.1

Single-stress aging models...................................................................19
3.1.1 Aging by electrical stress ...............................................................19
3.1.2 Aging by thermal stress .................................................................21
3.2
Multi-stress aging model of cables ......................................................22
3.2.1 Electro-thermal model by Simoni ..................................................23
3.2.2 Electro-thermal model by Ramu ....................................................25
3.2.3 Electro-thermal model by Fallou ...................................................26
3.2.4 Probability model by Montanari ....................................................26
3.2.5 Aging model by Crine for polymeric cable ...................................28
3.2.6 Electro-thermal model by Mazzanti for polymeric cables .............31
3.3
Aging phenomena for polymeric extruded cables ...............................33
iv

3.3.1
3.3.2
3.3.3
3.3.4
IV.

RESULT OF ACCELERATED AGING OF 15 KV EPR CABLES ..............44
4.1
4.2
4.3
4.4
4.5

V.

Aging phenomena caused by defects of polymeric extruded
cables..............................................................................................33
Partial discharge phenomenon .......................................................35
Water tree phenomenon .................................................................38
Electrical tree phenomenon............................................................41

The tested EPR cable samples .............................................................44
The setup for aging experiment ...........................................................46
The measurement setup........................................................................48
The PD measurement results ...............................................................49
The ac breakdown voltages measurement ...........................................56

RESULT OF AGING STUDIES ON CABLES LAYERS
DIELECTRICS ................................................................................................59
Thermal aging of EPR cables’ layers dielectrics .................................60
5.1.1 Sample description and experiment setup......................................62
5.1.2 Measurement setup ........................................................................63
5.1.3 Thermal aging results of the EPR cables’ layer dielectrics ...........65
5.1.3.1 Accelerated thermal aging of EPR insulation material ............65
5.1.3.2 Measurement results of DSC ...................................................66
5.1.4 Accelerated thermal aging of inner semi-conducting
material ..........................................................................................70
5.1.5 Accelerated thermal aging of outer semi-conducting
materials .........................................................................................73
5.1.6 Accelerated thermal aging of outer LLDE jacket materials ..........76
5.2
Lifetime characteristics of EPR insulation material under
combined high electrical and thermal stress ........................................79
5.2.1 Measurement setup ........................................................................79
5.2.2 Measurement results for EPR insulation’s lifetime
characteristics .................................................................................82
5.2.3 Analysis of the time-to-failure data ...............................................85
5.1

VI.

AGING MODEL AND ANALYSIS ...............................................................90
Analysis of multi-stress aging of EPR cables ......................................90
6.1.1 Analysis of EPR cable aged by elevated ac voltage and
rated current with switching impulses superimposed ....................91
6.2
Analysis of thermal aging of EPR cable layers dielectrics ..................99
6.3
New lifetime estimation method for EPR cables ...............................105
6.3.1 Finite Element Method for Electric Field Calculation .................105
6.3.2 The results of the new lifetime estimation method on the
EPR cable .....................................................................................113
6.1

v

VII.

CONCLUSION ..............................................................................................129

REFERENCE ...................................................................................................................132

vi

LIST OF TABLES
2.1

Requirement for impregnated medium ..............................................................8

2.2

The comparison of component between XLPE and TR-XLPE [5] .................15

2.3

Common compounds found in EPR ................................................................16

2.4

Comparison of XLPE and EPR materials ........................................................17

3.1

Permissible operation temperatures for power cables .....................................21

4.1

Summarized aging conditions for the tested EPR cable samples ....................46

4.2

Increase in PD magnitudes in percentage after aging ......................................55

4.3

Summary of ac breakdown voltages measurement (kV) .................................57

5.2

Endothermic enthalpy required for the transition (J/g) ....................................69

5.3

Endothermic enthalpy required for the transition (J/g) ....................................73

5.4

Endothermic enthalpy required for the transition (J/g) ....................................76

5.5

Endothermic enthalpy required for the transition (J/g) ....................................79

5.6

Average dielectric strength of five EPR insulation samples ............................82

5.7

Measured average time-to-failure data for five EPR insulation samples ........83

5.8

63.2% time-to-failure data of the EPR insulation samples ..............................83

5.9

Calculated activation energy and activation volume for EPR insulation
samples at various temperatures ......................................................................89

6.1

PD inception voltages of EPR cable samples aged by elevated ac
voltage and rated current with switching impulses superimposed...................91

6.2

Calculated parameters for the EPR cable samples by Matlab .........................96

6.3

Degree of crystallinity of EPR insulation material ........................................102
vii

6.4

Degree of crystallinity of inner semi-conducting material ............................103

6.5

Degree of crystallinity of outer semi-conducting material ............................103

6.6

Degree of crystallinity of outer jacket material .............................................104

6.7

Calculation result for step length of 0.2 mm..................................................122

6.8

Calculation result for step length of 0.1 mm..................................................123

6.9

Calculation result for step length of 0.05 mm................................................123

6.10

Calculation result for step length of 0.01 mm................................................124

viii

LIST OF FIGURES
2.1

Three-conductor impregnated-paper cable ........................................................6

2.2

Molecular structures for the insulating papers [3] .............................................7

2.3

Cross-section of installed 500 kV pressurized oil-filled cable [1] .....................9

2.4

The structure of single-core XLPE power cable ..............................................10

2.5

Structural formulae of the linear PE ................................................................11

2.6

Simplified scheme of the cross-linking effect .................................................14

2.7

The molecular structure of EPR .......................................................................15

3.1

Insulation’s lifetime characteristics at various electrical stress and
temperatures by Simoni’s model [21] ..............................................................24

3.2

The l life curve of polymeric material aged by ac voltage, described by
the Crine’s model [19] .....................................................................................30

3.3

Common defects in polymeric cables [29] ......................................................34

3.4

Insulation layer with a void/cavity...................................................................35

3.5

The insulation layer and void represented by its capacitance ..........................36

3.6

PD shown in voltage and current wave-form [29] ...........................................37

3.7

Water tree in XLPE cable [37].........................................................................39

3.8

Electrical tree in XLPE cable ...........................................................................41

3.9

Electrical tree initiated from water tree ...........................................................43

4.1

Cross-section and dimensions of the EPR cable ..............................................45

4.2

Dimensions of the tested EPR cable samples ..................................................45

4.3

Scheme of aging setup for EPR cables aged by switching impulses ...............47
ix

4.4

Scheme of aging setup for EPR cables aged by ac voltage and current ..........47

4.5

Scheme of experiment setup for EPR cables aged by ac voltage and ac
current with switching impulses superimposed ...............................................48

4.6

PDIV of the EPR cables samples aged by switching impulses .......................49

4.7

PDEV of the EPR cables samples aged by switching impulses ......................50

4.8

PDIV of the EPR cables samples aged by elevated ac voltage with
rated current .....................................................................................................50

4.9

PDEV of the EPR cables samples aged by elevated ac voltage with
rated current .....................................................................................................51

4.10

PDIV of the EPR cables samples aged by rated ac voltage and rated
current, with switching impulses superimposed ..............................................51

4.11

PDEV of the EPR cables samples aged by rated ac voltage and rated
current, with switching impulses superimposed ..............................................52

4.12

PDIV of the EPR cables samples aged by elevated ac voltage and rated
current, with switching impulses superimposed ..............................................53

4.13

PDEV of the EPR cables samples aged by elevated ac voltage and
rated current, with switching impulses superimposed .....................................54

5.1

The electric field distribution over the cross-section of 15 kV cable ..............60

5.2

TGA measurement results of new EPR cables’ layers dielectrics ...................61

5.3

Prepared EPR cable section for thermal aging ................................................63

5.4

Typical thermal activities shown on DSC plot ................................................64

5.5

Comparison of EPR insulation samples aged at different temperature ...........66

5.6

DSC measurement result of new EPR insulation sample ................................67

5.7

DSC measurement result of EPR insulation sample aged at 105 °C ...............67

5.8

DSC measurement result of EPR insulation sample aged at 140 °C ...............68

5.9

DSC measurement result of EPR insulation sample aged at 190 °C ...............68

5.10

DSC measurement result of new inner semi-conducting material
sample ..............................................................................................................70
x

5.11

DSC measurement result of inner semi-conducting material sample
aged at 105 °C .................................................................................................71

5.12

DSC measurement result of inner semi-conducting material sample
aged at 140 °C ..................................................................................................71

5.13

DSC measurement result of inner semi-conducting material sample
aged by 190 °C .................................................................................................72

5.14

DSC measurement result of new outer semi-conducting material
sample ..............................................................................................................74

5.15

DSC measurement result of outer semi-conducting material sample
aged at 105 °C ..................................................................................................74

5.16

DSC measurement result of outer semi-conducting material sample
aged at 140 °C ..................................................................................................75

5.17

DSC measurement result of outer semi-conducting material sample
aged at 190 °C ..................................................................................................75

5.18

DSC measurement result of new LLDPE jacket material sample ...................77

5.19

DSC measurement result of LLDPE jacket material sample aged at
105 °C ..............................................................................................................77

5.20

DSC measurement result of LLDPE jacket material sample aged at
140 °C ..............................................................................................................78

5.21

Cross-section of the EPR cable and the tested insulation sample ....................80

5.22

Scheme of the experiment setup ......................................................................81

5.23

Electrodes setup for the study ..........................................................................81

5.24

Probability of breakdown for electrical stress of 80 kV/mm ...........................84

5.25

Probability of breakdown for electrical stress of 75 kV/mm ...........................84

5.26

Probability of breakdown for electrical stress of 70 kV/mm ...........................85

5.27

The correlation between E2 and ln(t) at 190 °C ...............................................87

5.28

The correlation between E2 and ln(t) at 165 °C ...............................................88

5.29

The correlation between of E2 and ln(t) at 140 °C ...........................................88
xi

6.1

Measured PD inception voltages of EPR cable aged by elevated ac
voltage and ac current with switching impulses superimposed .......................92

6.2

Calculated least square line for the EPR cable aged by elevated ac
voltage and ac current with switching impulses superimposed .......................96

6.3

Graphical solution for the reverse linear regression [69].................................98

6.4

The heat of fusion versus the percent of ethylene content in EPR [71] .........101

6.5

The limited field area A, divided into two regions ........................................109

6.6

A subdivision of section A by triangle elements ............................................109

6.7

The geometry of the simulated EPR cable samples .......................................114

6.8

The electric field distribution of 15 kV EPR cable without void, crosssection at 15 kV .............................................................................................114

6.9

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (6 mm,0), cross-section, at 15 kV .....................................................115

6.10

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (7 mm,0), cross-section, at 15 kV .....................................................116

6.11

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (8 mm,0), cross-section, at 15 kV .....................................................116

6.12

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (10 mm,0), cross-section, at 15 kV ...................................................117

6.13

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (7 mm,0), void radius of 0.4 mm, cross-section, at 15 kV................118

6.14

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (7 mm,0), void radius of 0.6 mm, cross-section, at 15 kV................118

6.15

The electric field distribution of 15 kV EPR cable with one spheroid
void, at (7 mm,0), void radius of 0.8 mm, cross-section, at 15 kV................119

6.16

The algorithm of the new life estimation method for EPR cables .................120

6.17

Electric field distribution of EPR cable, with cavity radius of 0.1 mm .........124

6.18

Electric field distribution of EPR cable, with cavity radius increased to
0.15 mm .........................................................................................................125
xii

6.19

Electric field distribution of EPR cable, with cavity radius increased to
0.3 mm ...........................................................................................................125

6.20

Electric field distribution of EPR cable, with cavity radius increased to
1.7 mm ...........................................................................................................126

6.21

Electric field distribution of EPR cable, with cavity radius increased to
2 mm ..............................................................................................................126

xiii

CHAPTER I
INTRODUCTION

1.1

Existing problem
The polymeric extruded power cables served high voltage transmission and

distribution systems since the 1950s. Although they have showed great performance in
their operation history, failures of the polymeric cables have been reported. Most failures
can be attributed to the aging of the cable insulation system. The aging has been defined
as “Irreversible changes of properties”. During the power cables’ service, the
deteriorations of the cables can be induced by electrical, mechanical, and thermal stress,
as well as environmental conditions. These factors can influence the aging process
individually or synergically. Since the cables’ aging will lead to their eventual failures, it
is of great importance to study and clarify the aging phenomena of power cables to
ensure the reliability of power system [1].
The topic of the aging of polymeric cables has been studied ever since the
introduction of the polymeric cables. Past studies can be divided into two categories:
single-stress aging study and multi-stress aging study. The majority of single-stress aging
studies is carried out using insulation samples. The research of single-stress aging
mechanisms are focused on the impacts of the individual aging factor. In these studies,
the aging force with higher magnitude than normal operation is applied to the tested
samples. The lifetime characteristics or other monitored parameters during the aging will
1

be used to calculate the “accelerating factor”. This method has been proven its validity to
some extent. Many single-stress aging models for polymeric materials have been
obtained as a result, including the Inverse-Power model and Exponential model. It is
known that the aging by single force cannot reproduce the same effects as caused by
multi-stress conditions. The actual aging of polymeric cables during the normal operation
is the product from different stresses. The aging of polymeric cables by multi-stress were
studied as well in the past. Due to the complexity of the aging conditions in the real
world, none of the models can explain the aging phenomenon satisfactorily. The
developed multi-stress aging models need to be applied with certain constraints. Thus it is
of great significance to gain more knowledge regarding the aging phenomena of
polymeric extruded cables to ensure the safety of cable systems.
1.2

Objectives of the study
The main objective of this study is to again the new information regarding the

multi-stress aging phenomena of polymeric extruded cables as well as the new method
for the EPR cable’s lifetime estimation. During the study, specific attention will be paid
to the relationship between the overall aging of cable and the aging of each individual
layers’ dielectrics. The aging stresses involved in the study will be those that are
commonly identified as the most detrimental, including the electrical stress and the
thermal stress. The following information was obtained through this study:
1. The detailed review of past aging studies on polymeric extruded power
cable and the achievements;

2

2. The summary of the existing aging mechanisms and the developed singlestress and multi-stress life models for estimating the lifetime of polymeric
power cables;
3. The multi-stress aging experiments on the EPR cables samples with
various aging stress magnitudes;
4. The aging of the EPR cable insulation material samples under combined
high electrical and thermal stress;
5. The thermal aging of the EPR cables’ inner semi-conducting jacket
material, outer semi-conducting jacket material, and the outer LDPE
jacket material;
6. The analysis of the measurement results which reviews the different aging
factors to the overall aging of the EPR cable samples.
1.3

Contributions of the dissertation
The insufficient information regarding the EPR Cables’ multi-stress aging leads to

the necessity of the dissertation study. The contributions of this dissertation study can be
concluded as the following:
1. A new lifetime estimation method for EPR cables based upon the aging
study of cable layers’ dielectrics;
2. A new empirical lifetime model for the EPR cables used in multi-stress
conditions;
3. The aging study of the EPR cables under multi-stress conditions with
emphasis on the contributions from different aging stress magnitudes;
3

4. The EPR insulation material’s lifetime characteristics under combined
high electrical and thermal stress.

4

CHAPTER II
LITERATURE REVIEW OF TYPES OF CABLES

Many types of cables have been used in the history of the power systems.
According to their insulation materials, the cables can be divided into two categories:
impregnated-paper cables and polymeric cables [1-2]. The impregnated paper cables also
include oil-filled cables and gas-insulated cables. The innovations in the polymeric
manufacturing lead to the decrease of cost as well as the increase in materials reliability.
In this chapter, the literatures regarding impregnated-paper cables and polymeric
extruded power cables are presented.
2.1

Impregnated-paper cables
Impregnated-paper cables were the first type of cables employed in the power

systems. It is reported that the prototype of the multi-layer paper cables were first
installed in 1880 by using the tape-wound paper insulation [2]. In 1913, Hochstadter
introduced the metalized paper as screen of the cores, which allow the operational voltage
of the cable to increase significantly [3]. As a result, the cables up to 60 kV rated voltage
were produced. The request for larger power delivery and higher line voltage leads to the
development of impregnated-paper cables, in which the paper insulation is impregnated
with insulating oil. The oil is forced to penetrate into the paper insulation to prevent the
formation of void. The first impregnated-paper cable was installed in 1924, with the
5

highest rating of 100 kV at that time [3]. The impregnated-paper cable used in today’s
power systems is still in a similar form, mostly on high voltage or extra high voltage
transmission systems. Figure 2.1 shows the structure of the common three-conductor
impregnated-paper cable.

Figure 2.1

Three-conductor impregnated-paper cable

The insulation of the impregnated-paper cable has a “multi-layers” arrangement.
It consists of two components: paper and impregnating medium. The dielectric properties
of the insulation layer are the results of the interaction between each individual
component. Usually the impregnating papers are required to constitute sodium cellulose,

6

in which hydrocarbon rings are linked to each other by oxygen atoms. The following
Figure 2.2 shows the structures presented in the insulating papers.

Figure 2.2

Molecular structures for the insulating papers [3]

The impregnated medium is used to fill the space in the porous insulating papers
that would be taken by air or moisture contents otherwise. The impregnated medium
needs to be an electrically high-grade and low loss medium. The main requirements of
the impregnated medium are summarized as in Table 2-1 [4].

7

Table 2.1

Requirement for impregnated medium

Category
Electrical

Physical

Chemical

Requirements


High dielectric breakdown value



Low dielectric dissipation factor



Proper flow characteristics and impregnating property at desired
temperature



Stability of viscosity in the operating temperature range



Low pour point for the low-viscosity impregnating medium



Good anti-oxidation and anti-aging performance



Compatibility with other chemicals



Capability to store the gaseous decomposition caused by aging

Most of the available impregnated mediums are either mineral-oil-based medium
obtained through refining or synthetically-manufactured impregnated medium. The major
advantages of the synthetical oil over mineral oil lie in the lower dissipation factor, better
aging resistance, flexibility of viscosity, stability of thermal expansion coefficient, and
lower pour point [4].
Typical application of impregnated cables in the high voltage transmission system
are either in the forms of pressurized oil-filled cables or pressurized gas-insulated cables.
The pressurized oil-filled cables and the pressurized gas-insulated cables share a
lot of similarities in structure. It usually includes three-phase conductors. Each phase
conductor is insulated by impregnated paper and then shielded. The three-phase
conductors are placed in a steel pipe with pressurized oil filled or gas filled. The typical
structure of the pressurized oil-filled cable can be seen in Figure 2.3.

8

The pressure in the pipes can reach as high as 15kg/cm2, or 200 psi, for
pressurized oil-filled cables. The pressure buildup for the pressurized oil-filled cables and
gas-insulated cables is achieved by the pumping plants, which will operate according to
the expansion or extraction of the cables.
Due to the proximity effect of the three conductors and the eddy current in the
steel pipe, the losses of pressurized oil-filled cables are higher than the impregnatedpaper cables. However, the major merits of pressurized oil-filled cables and gas-insulated
cables are their higher power rating due to the better cooling effects resulting from the
pressurized oil and gas flow [1][3].

Figure 2.3

2.2

Cross-section of installed 500 kV pressurized oil-filled cable [1]

Polymeric extruded cables
The polymeric extruded cables were brought to power systems in the mid-1940s

when Polyvinyl Chloride (PVC) was first used as cable insulation. The high dielectric
loss of the PVC materials lead to the shift of using polyethylene (PE) as cable insulation
9

in the later 1940s [1]. Cross-linked polyethylene (XLPE) cables and ethylene propylene
rubber (EPR) cables are developed to replace the PE cables which are susceptible to
treeing during the operation [5]. In the United States, the XLPE and EPR cables have
dominated the modern cable systems, especially in medium voltage class. Figure 2.4
presents the structure of the common single-core XLPE cable.

Figure 2.4

2.2.1

The structure of single-core XLPE power cable

Polyethylene
Polyethylene (PE) is a polymerized product from ethylene (C2H4). During the

manufacturing process of PE, the double bond of the ethylene is broken, leaving each
10

ethylene radical with two unpaired electrons. Then the free radical may merge with other
radicals by sharing the free electron, building new bonds. Since each ethylene radical has
two unpaired electrons, under specific conditions the radicals may merge into a chain
shape. During this type of polymerization, neither water nor other hydrocarbons are
released. The product PE is known to have exceptional good dielectric properties
[1][3][5]. The polymerization of PE is easily initiated with high pressure and high
temperature without additional substances. The ideally produced PE has a complete linear
chain without charge imbalances and impurities. Figure 2.5 presents the structural
formulae of the linear PE [5].

Figure 2.5

Structural formulae of the linear PE

The PE has been categorized as Partial-Crystalline polymers. The microstructures
of PE are very sensitive to the increase of temperature. The PE will come into a
completely fluid state (amorphous) if the crystallite melting temperature is exceeded. The
PE is unable to retain its dielectric properties and mechanical properties in the amorphous
state. Generally the melting temperature for PE is between 110 to 130 °C. Therefore,
11

most of the commercially available PE cables have a maximum operational temperature
below 90 °C [1].
It has to be pointed out that the actual PE material is not as simple as the
continuous repetition of -CH2- function groups. The PE is a complex material which
contains various segments of significantly different properties. The properties of PE
material are heavily relied on the compositions of the segments, such as crystallinity and
molecular weight. The segments may contain the side chains that are attached to the main
carbon-carbon chain. The chain lengths of the segments will determine the molecular
weight of PE, which is treated as an important characteristic of PE. The polymers’ chains
have a tendency to rotate as well as align by themselves. The degree of alignment greatly
influences the crystalline nature of PE. The aligned portion is called as “crystalline”
while the rotating segments are described “amorphous” part [6].
The crystalline regions of PE are consisted of aligned backbones of PE molecular,
which tends to reject the foreign objects. The amorphous regions, usually larger than the
crystalline regions, are the locations where the impurity ingredients or gases will reside.
The degree of crystalline will determine the toughness, moisture, and gas permeation
resistance of PE. The increase of amorphous regions of PE in the other hand will increase
the ductility, the flexibility, and the ease for material processing. Practically the PE can
be viewed as a mixer of materials with various distributions of molecular weights,
crystalline regions, and amorphous regions. Therefore, four different types of PE have
been developed, including high-density high molecular weight PE, high-density low
molecular weight PE, low-density high molecular weight PE, and low-density low
molecular weight PE [3][5].
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The PE materials selected for cables insulation need to be compromised between
the crystalline and amorphous content. The medium-density PE (MDPE) and the highdensity PE (HDPE) have been commonly used for the cable outer jackets materials.
Before the mid-1980s, high molecular weight low-density PE was commonly used for the
medium voltage cable insulation [5]. Although PE materials show the good dielectric and
mechanical properties, the PE materials are proven to be vulnerable to treeing
phenomena. Many failures of the installed PE cables have been reported by utilities [7].
Most of these failures are due to the water treeing phenomenon [8]. In the recent years,
the new utilities in USA exclusively use XLPE or EPR cables instead of PE cables.
2.2.2

Cross-linked polyethylene
The utilities’ requests for power cables with higher power rating and higher

reliability stimulate the development for new cable insulation materials. In the 1960s the
cables with cross-linked polyethylene (XLPE) insulation started to be installed in the
power systems. The data shows that by the 1980s the XLPE cables comprised more than
45% of the cables installed in the United States [5].
XLPE is converted from the PE material. Unlike the PE molecular, whose
molecular ends are left unattached, the XLPE molecular ends are inter-connected with
other XLPE molecular by carbon-hydrogen bond. This specific structure of the XLPE
yields a higher thermal stability than PE [3]. Other benefits resulting from the crosslinking include improved resistance to deformation and cracking, and better tensile
strength. Figure 2.5 presents the simplified description of the cross-linking effect.
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Figure 2.6

Simplified scheme of the cross-linking effect

The cross-linking process are achieved in the following steps: At the beginning,
the adjacent PE chains are linked to each other by the carbon-hydrogen bond, leading to
the increase of the molecular weight. Then the same processes take place at another
location of the PE chains with another PE molecular. Even when the temperate reaches
the crystallite melting region, the XLPE will retain a rubber-elastic rather than the fluid
state of PE. Therefore the XLPE is classified as thermo-elastic material.
Although XLPE has better treeing resistance compared with PE material, they are
still treated as vulnerable to degradation caused by water tree. The attempts to improve
the XLPE’s properties have never stopped [9]. There are three fundamental methods to
achieve this: 1) Using a more polar copolymer other than PE homo-polymer; 2) Using
additives into the PE homo-polymer; 3) Combination of 1 and 2. The modified XLPE are
often called Tree Retardant XLPE (TR-XLPE). Table 2-2 compares the components of
XLPE and TR-XLPE materials [5].
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Table 2.2

The comparison of component between XLPE and TR-XLPE [5]

XLPE
None
Residual amounts of dicumyl peroxide

TR-XLPE
Tree retardant additives
Residual amounts of dicumyl peroxide
Cross-link aged by-product (same as
XLPE)
Acetophenone

Cross-link agent by-product
acetophenone
Antioxidant with degradation byproducts
Alpha methyl styrene

2.2.3

Antioxidant with degradation by-products
Alpha methyl styrene

Ethylene propylene rubber
Similar to XLPE, ethylene propylene rubber (EPR) is developed as a possible

alternative insulation material to PE. The use of EPR as the choice for cable insulation
started in the 1970s. The EPR materials gained more popularity in the United States since
the 1980s due to the decrease of cost in material manufacturing. A report made in 1995
revealed that 20% of the new-installed cables were EPR power cables [5].
EPR material is the result of polymerization of ethylene monomer with propylene,
shown in Figure 2.7.

Figure 2.7

The molecular structure of EPR
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The ratio of ethylene to propylene (E/P) of actual EPR might vary in a great
range. Most of the EPR insulating materials had the E/P ratio from 50% to 70% [11].
Unlike the XLPE, the EPR materials are treated as elastomers, which means that
their crystallinity is lower than that of the conventional semi-crystalline polymers [12].
The EPR polymeric material is only one compound of the final cable insulation. The
other components mixed in the insulation are often called “compound”. The common
used compounds are listed in Table 2-3.
Table 2.3

Common compounds found in EPR
Name of Compound

The purpose of the Compound

Silane-treated Kaolin

Improves the mechanical properties

Zinc oxide

Improves thermal stability

Red lead
EPRs
Polyethylene

Facilitate electrical properties under
wet aging
Base material that all ingredients
evenly are distributed
Facilitates extrusion on conventional
equipment

Cross-linking agents

Inducing cross-linking process

Antioxidant

Prevent polymer decomposition
during extrusion

Processing aids

Lubricant that helps during extrusion

The cross-linking process of EPR materials is similar to that of XLPE [5]. The
peroxide-induced cross-linking is mostly used in manufacturing medium voltage EPR
cables. For low voltage EPR cables, both peroxide-induced cross-linking and radiation-
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induced cross-linking techniques are being employed. Usually the silane-induced crosslinking technique is not applied in manufacturing EPR materials.
When compared with XLPE materials, the major advantages of EPR materials as
cable insulation lie in the higher thermal rating as well as better treeing resistance.
However, due to the relatively high dielectric losses of EPR, their applications in cable
insulation are restricted to medium voltage class. Table 2-4 summarizes the main
differences between XLPE and EPR materials [5][9][10][11].
Table 2.4

Comparison of XLPE and EPR materials
XLPE and TR-XLPE

EPR

Synthetic material

Synthetic material

Less polar, low dielectric losses
High dielectric losses
(tan δ varies between 0.0003(tan δ varies between 0.002-0.004)
0.0005)
Slightly crystalline compared with
Least crystalline
PE
Expand as temperature over
Little thermal expansion compared with
melting temperature
XLPE
Vulnerable to water tree

Less susceptible to water tree

Increased hardness

Increased flexibility
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CHAPTER III
LITERATURE REVIEW OF AGING MECHANISMS AND AGING PHENOMENA
OF POLYMERIC CABLES

The study of aging mechanisms and associated phenomena of polymeric extruded
cables started even before the installation of cables. Typical factors that can trigger the
aging phenomena include electrical stress, thermal stress, mechanical stress, and
environmental stress. The defects of cables themselves also contribute to the overall
aging. Generally, the aging mechanisms are divided into two groups: single-stress aging
mechanism and multi-stress aging mechanism [13][14]. The aging of insulation materials
under single-stress condition is well sought out. Several single-stress life models have
been introduced to estimate the lifetime of solid dielectrics used under such conditions.
However, the studies on multi-stress aging were proved to be less successful. The multilayer structure of the polymeric extruded cables complicates the aging phenomenon. The
aging conditions for the installed cables in the field vary in a great range. The past study
yields some tentative multi-stress aging models that needs to be used with certain
constraints [15][16][17].
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3.1
3.1.1

Single-stress aging models
Aging by electrical stress
The very basic function of the cable insulation is to endure the electrical stress.

The electrical stress comes from not only the operational voltages but also the abnormal
over-voltages that are induced by switching surges and lightning surges [17][18]. Studies
show that the electrical field in the local insulation layer is not always homogeneous. The
distortion of local electrical field is likely to occur due to many factors, such as
interfaces, impurities, and the space charges. Although the dielectrics selected for cable
insulation have very high short-term breakdown voltages, the knowledge of the decay
rate of insulation materials under long-term electrical aging stress is needed when
planning for repair or replacement.
The methods for studying the aging by electrical stress are classified into three
groups: (1) tests at elevated field strength; (2) tests at elevated frequency; (3) tests done
on short-term electric strength which is treated as a measure of long-term aging [17]. The
observations of the empirical study reveal that the lifetime of the tested insulation
material under applied electrical stress can be described as [13]:

E N  t  cos nt

3-1

The equation can be rewritten on a logarithmic basis:

log( E )  c  1 N   log(t )
Where E is electrical stress;
t is the lifetime of the tested insulation material;
N is the life exponent determining the shape of the characteristic;
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3-2

c is a constant that varies for different cases.
The lifetime model described by Equation 3-1 is often referred to as “inversepower law”. It is often used to forecast the life expectancy of certain dielectric aged under
electrical stress, particularly ac electrical stress. It needs to be pointed out that the
inverse-power law is a pure empirical relation.
The other commonly used single-stress life model is the exponential model
[13][14]. T. W. Dakin first proposed that the voltage endurance time of certain type of
material follows an exponential decay relation:

t  exp(

E  bF
)
kT

3-3

Where E represents the activation energy of the process;
t indicates the lifetime of the tested material;
b is the slope of a log t vs. F plot.
Later research found that the proposed exponential model is unsuitable for longtime aging. Dakin and Studniarz modified the model by introducing a ‘tail’ into the
exponential relation [13]. They assumed that the breakdown phenomena under specific
voltage were mainly induced by partial discharges which occurred above a certain
threshold field stress. Thus the relationship between the time to breakdown and the
frequency f was expressed as:

t

( Af )1
 E  b( F  F0 ) 
exp 

kT
 F  F0  


Where A represents the percentage of electrons which reach the most critical aging
location;
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3-4

F0 is the threshold electrical field stress.
Although Dakin’s theory was based on the assumption that the voltage endurance
was controlled by partial discharges, the exponential life decay was observed for many
cases without partial discharges’ existences [13]. The exponential model is also
considered as an empirical relation for the data that fit the log-log graphs.
3.1.2

Aging by thermal stress
It is well-known for the system designers that the maximum transmitted power for

a given transmission line is limited by the permissible thermal limit of the dielectrics used
for the transmission line. In the operation, the cables are subjected to the continual
thermal stress from both load current and fault current. If the temperature is higher than
the permissible operation temperatures, the accelerated thermal aging will occur, leading
to the eventual failure of the cables. Table 2-5 summarizes the permissible operating
temperature for the common cables [3][5][19].
Table 3.1

Permissible operation temperatures for power cables
Dielectric

Operating temperature
in °C
Short-circuit
temperature in °C

Impregnated
paper

LDPE

HDPE

XLPE

EPR

85/90

70

80

90

105

160/180

150

180

220

250

The heat generated during the operation mainly comes from the losses of the
cables. The losses come from the current-dependent losses as well as the voltagedependent losses [3]. The current-dependent losses contain conductor losses, induction
current losses, eddy current losses, and magnet reversal losses. The voltage-dependent
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losses are often known as “dielectric losses”, which are determined by the applied voltage
V, the capacitance C of each phase, and the dielectric loss factor tanδ.
The lifetime of insulation materials under the thermal aging can be predicted by
the famous Arrhenius reaction model. Equation 3-5 describes the relationship between
the insulation’s lifetime and the thermal stress [13].
B
t  A exp  
T 

3-5

Where A is the material and temperature-related constant;
t is the lifetime of the tested sample;
B is the activation energy for the thermal process;
T represents the temperature in Kelvin.
The validity of Arrhenius model was verified for estimating the lifetime of
insulation materials when aged solely by thermal stress [13].
3.2

Multi-stress aging model of cables
Most of the single-stress aging models are based on the aging studies of material

samples. The aging of power cables is the results of the multi-stress effects. Some multistress aging models have been proposed to address the lifetime estimation of the
insulation materials as well as power cables. The multi-stress models proposed by L.
Simoni, T. S. Ramu, B. Fallou, and G. C. Montanari are assumed to be general ones,
which are suitable for the insulation samples, the impregnated cables, and the polymeric
cables. The models developed by J. P. Crine and G. Mazzanti are specifically developed
for insulation materials samples and polymeric power cables.
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3.2.1

Electro-thermal model by Simoni
Simoni’s model was based on a series of assumptions [15][21]:
(a)

The overall aging of insulation materials and cables was considered as a
cumulative process;

(b)

The dielectric strengths of the materials was the critical parameter for
judging the severity of aging;

(c)

The Simoni’s model used Inverse-Power law for electrical aging and
Arrhenius model for thermal aging;

Thus, the general equation describing Simoni model was presented as follow [15]:

 ES / ES0 

N 1

 1  t / t0  E / E0  N exp( BT )

N  n  bT
T  1/ T0  1/ T

3-6

Where ES is the dielectric strength of the test object after stress time t;
ES0 is the dielectric strength of the sample which does not undergo aging stress;
n is the exponent in the inverse-power law;
b is the material-specific constant;
T0 is the room temperature;
T is the temperature during the test;
B is the Arrhenius model-related constant;
E is the applied electrical stress in the aging;
E0 is the threshold electrical stress for the aging;
t0 is the lifetime of sample at condition E<E0 and room temperature T0.
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Therefore, the Simoni model can be express in a general form which combines all
three equations of 3-6:

t  t 0( E / E0 ) N exp( BT )

3-7

Moreover, the Simoni model can be expressed geometrically. The applied electric
stress E, the temperature T, the dielectric strength of the sample ES, and the lifetime t can
represent the model as a hyper-surface. If either the electrical stress or the thermal stress
is taken from Equation 3-7, then the relation between those three parameters can be
shown as Figure 3.1.

Figure 3.1

Insulation’s lifetime characteristics at various electrical stress and
temperatures by Simoni’s model [21]

24

3.2.2

Electro-thermal model by Ramu
The electro-thermal model introduced by Ramu’s was derived from the Eyring’s

physic-chemical reaction rate theory [22]. The model incorporated the inverse-power law
for electrical aging and the Arrhenius model for thermal aging. The Ramu model
assumed that no aging would occur under the stresses below thresholds. Therefore, the
life of the insulation could be described as:

t (T , E )  k (T ) E  n(T ) exp( B / T )

3-8

Where t is the lifetime of the samples;
T is the temperature of aging;
E is the applied electrical stress in the aging;
k(T) represents a function with temperature T, k(T)=exp(k1-k2∆T). The k1 and k2
are material-specific constants;
∆T is the parameter defined in the Simoni model;
B is the constant used for the Arrhenius model.
Assuming E0 and T0 were the aging electrical stress and room temperature, then
the cables’ lifetime t0 at E0 and T0 could be defined as:

t0  t (T0 , E0 )k (T0 ) E  n (T ) exp[ B / T0 ]

3-9

The cables’ lifetime for any given electrical stress E and temperature T could be
expressed as:

t (T , E )  t0

k (T ) ( E )  nT exp( B / T )
k (T0 ) (E 0 ) nT0 exp( B / T0 )
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3-10

3.2.3

Electro-thermal model by Fallou
B. Fallou introduced a modified exponential model which incorporated the

thermal and electrical relationship [23]. The insulation samples’ lifetime was presented
as:

t  exp[ A( E ) 

B( E )
]
T

3-11

Where t is the lifetime of the tested sample;
T is the temperature in the aging;
A and B are constants which depend on the applied electrical stress, as shown in
3-12.

A( E )  A1  A2 E1
B( E )  B1  B2 E1

3-12

Where A1, A2, B1, and B2 are parameters determined by the experiments.
According to Fallou’s model, the aging could be viewed as the accumulation of
three aging process, the electrical aging, the thermal aging, and the combination effects of
the electrical aging and the thermal aging. It is summarized in the following aging equation:

t  A[exp( A2 E ) exp

3.2.4

B1
BE
exp 2 ]
T
T

3-13

Probability model by Montanari
Based on the inverse-power law, G. C. Montanari proposed another multi-stress

model [24]. The model took the threshold electrical stress and the upward curvature of
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life plot into consideration. An exponent n was introduced into model, which depended
on the applied electrical stress and the thermal stress.

n

nc

Er  E 
1 

 Er  ET 

v

3-14

Where Er is the reference electrical stress;
ET represents the threshold electrical stress at temperature T;
nc indicates the initial endurance coefficient with function of T;
v is the shape parameter.
The Weibull distribution was involved in the Montanari’s model. The Weibull
distribution has been proved to be quite useful to analyze the lifetime data. The
cumulative function F(t) for the Weibull distribution can be expressed as [19]:
  t  
F (t )  1  exp     
    

3-15

Where t is the lifetime of the tested samples;
α is the characteristic life of the samples;
β represents a pure number, which is the shape parameter for the Weibull plot.
When combing the above defied parameters in the Weibull distribution together
with the inverse-power law, Equation 3-16 is derived:

 t E 
F (t , E , T )  1  exp   ( ) n 
 tr Er 

  E ,T 

Where tr means the time-to-failure at each specific electrical stress Er;
27

3-16

β(E,T) is the shape parameter for the Weibull distribution.
If the probability p is known, then the time-to-failure percentiles tFp can be
obtained through 3-17.
n

tFp

1
E 
 tr  r    ln(1  p)  ( E ,T )
E

3-17

It can be seen from Equation 3-17 that the model has five parameters that need to
be decided through the experiments: Tr, nc, ET, v, and βc.
3.2.5

Aging model by Crine for polymeric cable
The Crine’s model is based on the Eyring theory with thermodynamic concepts. It

assumes that the aging is attributed to the molecular-chain deformation, which resulted
from the electro-mechanical fatigue. According to the model, the aging process contained
two steps: rearrangement of free volume and charges injection [12][15].
The model claims that the aging starts when the weak van der Waals bonds of
pure insulation molecules are broken at service electrical stress (<10 kV/mm). The
molecular chains can move into each other or even rotate. This process tends to leave the
polymer materials with free space, called as ‘holes’. A large number of holes aggregate
together to become the larger defects “submicrocavities”. If the submicrocavities are inter
connected, the charges can pass through them without scattering. Moreover, while
travelling through the holes, the charges can gain enough kinetic energy through the
electric filed to further break the van der Waals bonds, leading to the increase of the
submicrocavities’ sizes. With the increase in numbers and sizes of the submicrocavities,
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the submicrocavities form the larger size microcavities. As a result, the electrons can gain
enough kinetic energy (in the range of eV) to trigger the intramolecular breakdown.
The breakage of van der Waals bonds is controlled by the energy barrier, which is
the energy difference between the un-aged material and the aged material. The energy
barrier is also referred to as the activation energy. If no external electric field is applied,
the probability p between the original status and the final status of the activation process
is defined as:

 kT 
 G 
p    exp  
 h 
 kT 

3-18

Where ∆G is the activation energy for the aging;
∆H is the enthalpy of the activation;
∆S indicates the entropy of the process;
k and h are the Boltzmann and Plank constant accordingly;
T is the absolute temperature during the process.
With the existence of external electric field E, the molecule chains tend to move a
distance of λ, which is also the length of the submicrocavity. Thus the ∆G is reduced by
W=eλE, assuming the electric field stress is constant across the material. Along the

direction of electric field E, the probability of transition is shown in 3-19:

 kT 
 G  e E 
p    exp  

kT
 h 


3-19

Similarly, the probability of transition in the opposite direction of E is computed
as 3-20:
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 kT 
 G  e E 
p    exp  

kT
 h 


3-20

Thus the net transition rate is presented in 3-21:

 2kT 
 G 
 e E 
p  p  p  
exp  
sinh 


 h 
 kT 
 kT 

3-21

The time needed for bonds breakage can be obtained as 3-22:

t

h
 G 
 e E 
exp 
csc h 

2kT
 kT 
 kT 

3-22

According to the Crine’s model, the typical life curve of polymeric material aged
by ac stress is shown in Figure 3.2.

Figure 3.2

The l life curve of polymeric material aged by ac voltage, described by the
Crine’s model [19]
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From Figure 3.2, it can be observed that a critical electric field stress Ec exists in
the low electric field stress region. It should be pointed out that the critical electric field
stress is different than the threshold electric field stress. In the Crine’s model, the aging
can occur at low electric field stress. At high electric field, Equation 2-22 can be
simplified as:

t

h
 G  e E 
exp 

2kT
kT


3-23

The ∆G and λ is usually attained by calculating the intercept and the slope from
the E vs log(t) plot. In the high electric field stress area (E>Ec), the λ tends to have a
constant value λmax. Therefore the two constants can be obtained directly from the highfield region. The ∆G and λ are the core parameters for the Crine’s multi-stress aging
model.
3.2.6

Electro-thermal model by Mazzanti for polymeric cables
G. Mazzanti has proposed a new method for analyzing the cables’ life under

multi-stress conditions [17]. The cumulative damage theory from M. A. Miner was
embedded into this model. The Miner’s theory states that the sum of all types aging
should only yield one failure. In different than the conventional methods, in which the
cables’ thermal stress is molded as a constant, the Mazzanti’s model treats the thermal
aging factor as an accumulation of cycles. The cables’ life is expressed in the term of
Lcycle, which is divided into K cycles. Each cycle has been further divided into several
steps. The variation in power losses during steps generates thermal transients.
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The duration ∆ti of each step can be assumed to be infinitesimal interval from t to
t+dt. The temperature in dt is viewed as constant. Therefore, the loss of life dLF during
the dt in ∆ti step is calculated as:

dLF  dt / L  En , Ti (t )

3-24

L[En, Ti(t)] is the total lifetime of the sample with temperature Ti and applied
electric stress En. The loss of lifetime LFi in the ith step can be deduced:

LFi 

ti

ti

0

0

dt

 dLF   L  E , T (t )
n

i

3-25

According to the Miner’s theory, the total loss of the lifetime over all cycles is 1
at failure. Depending on the different aging conditions, the Lcyc and the number of cyclesto-failure K can be attained:
a) Electro-thermal aging with consideration of thermal transients
N

N

i 1

i 1

K  LFi  K  

ti

0

dt
1
L  En , Ti (t ) 

N

K  1/  LFi
i 1

Lcyc  Kt D

3-26

b) Electro-thermal aging without considering thermal transients
N

K   LFi ,  K  td
N
i 1

N

dt

i 1

n

 L  E ,T   1
i,

N

K   1/  LFi ,
i 1
N

K   1/  LFi ,

3-27

i 1
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Where K∞ is the cycle numbers to failure without the thermal transients;
Lcyc,∞ represents the relevant failure time.
c) Without considering electric aging and electro-thermal synergism
N

N

i 1

i 1

KT  LFi ,T  KT  

ti

0

dt
1
L Ti (t )

N

KT  1/  LFi ,T
i 1

Lcyc ,T  KTt D
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Where KT represents the cycle number to failure without the electrical aging;
Lcyc, T indicates the time until failures.
3.3
3.3.1

Aging phenomena for polymeric extruded cables
Aging phenomena caused by defects of polymeric extruded cables
At pure status, the solid dielectrics selected for cable insulation have a very high

short-term dielectric strength (usually higher than 100 kV/mm). Yet the breakdown
voltages of the polymeric cables cannot reach such high values. Researches have shown
that the imperfection inside the insulation materials can contribute to the relative low
breakdown voltages of the polymeric cables [25][26][27][28]. Figure 3.2 shows some of
the common defects in the polymeric cable insulation layer.
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Figure 3.3

Common defects in polymeric cables [29]

Those defects may be generated during the manufacturing, transportation, and
installation. Improvements in the manufacturing process have reduced the possible
existence of voids, contaminations, and other inhomogeneities significantly. Yet those
imperfections in insulation layer can never be removed completely. The existence of such
defects can lead to the local electric field distortion. As a result, degradation starts from
the location where the electrical field is mostly distorted.
Among all these imperfections, the voids were considered as the most hazardous
defects. The word “voids” is usually used to describe the defects b), c), and e) in Figure
3.3. Voids can become the origination locations for the later water tree phenomenon and
the electrical tree phenomenon, which are capable of inducing the premature failure of
polymeric cables. Yet the attempts to correlate the voids’ sizes and the cables’ breakdown
voltages have proven to be unsuccessful.
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3.3.2

Partial discharge phenomenon
According to the IEC standard, partial discharge (PD) is called as ‘one type of

electric discharge that does not completely bridge the insulation between electrodes’ [30].
Although ‘partial discharge’ literally can be used to describe the discharges in all
medium, its usage in the solid dielectrics is generally restrained to those occurring in
voids and cavities.
It is known that all solid dielectrics may be produced with voids or cavities inside.
The voids are either filled with gas or liquid that are usually the by-product during the
cross-linking and extruding process. A parallel-capacitor model can help to explain the
initiation of PD. In the model, the insulation layer and the void are represented by their
capacitance. Figure 3.3 shows an insulation layer with one void inside. Figure 3.5
presents the equivalent circuit of the configuration shown in Figure 3.4 [30].

Figure 3.4

Insulation layer with a void/cavity
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Figure 3.5

The insulation layer and void represented by its capacitance

Where Ca, CV, and Cb represent the capacitance of the insulation layer, void and
the remaining insulation materials which are in series with the void. Va is the total applied
voltage; Vv defines the voltage drop on the void. The voltage Vv can be obtained through
Va, the dimension of the insulation layer d, the dimension of the void d1, and the relative
permittivity of insulation material εr.

Vv 

Va
 d

 1
d1 
1 
r
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If the Vv is higher than the critical breakdown voltage of air in the void Vi, the PD
phenomenon can start in the void. The Va’s value at this particular moment is called as
“PD inception voltage”.
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Figure 3.6

PD shown in voltage and current wave-form [29]

When viewing from the voltage and current waveform, both waveforms exhibit as
a pulse-like shape, shown in Figure 3.6. The dotted line is the voltage wave-form across
void assuming no breakdown occurs in the voids. When the Vv is higher than the Vi, the
PD occurs. In the meantime, the Vv collapses to a lower voltage Ve, leading to the
extinction of the PD in the void. The same process repeats itself until Va reaches the peak
of the positive cycle. A similar pattern can be observed as well when Va is in the negative
cycle. The current wave-shape appears as pulse shapes, with the pulses’ width varies
between 1 ns and 5 ns wide.
It is well known that the measurement of PD can serve as a useful tool for
assessing the cable insulation [31]. Moreover, the PD itself can trigger the deterioration
of solid dielectrics through physical and chemical process [32][33][34].
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As discussed above, PD occurs in the cavities/voids inside solid dielectrics. The
conductivity of the cavities/voids will increase first due to the reactions between PD and
air. As PD continues to occur, the crystals, by-products of PD, tend to deposit on the
surface of the cavities, increasing the roughness of the cavities. The crystals have been
identified as hydrated oxalic acid [33]. The irregular shape of the crystals’ tips lead to the
enhancement of electric field, which will further intensify the PD activities. At the same
time, the gaseous by-products, including carbon monoxide, hydrogen, methane, and
carbon dioxide [34], will interact with the surrounding solid dielectrics through chemical
reactions, accelerating the degradation process.
3.3.3

Water tree phenomenon
Water tree is the diffuse structure in a solid dielectric with appearance resembling

a bush or a fan. In 1969, T. Miyashita’s publication brought awareness to the aging of
polymeric extruded cables caused by water tree into the public sphere [35]. In some other
early publication, the water tree is called the “Electro-Chemical” tree [36]. The water tree
was considered to be the primary cause for the failures of the installed PE cables. Figure
3.7 presents the water tree in a XLPE cable.
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Figure 3.7

Water tree in XLPE cable [37]

It is generally accepted that the water tree originates from the regions that are
damaged by mechanical force. Some people believe that the molecular bonds’ separation
and oxidation will result in the growth of water tree, while others think that the Maxwell
forces between molecules direct the water tree channels, which is usually called electroosmosis effects [38]. Water tree can be classified as either vented tree or bow-tie tree,
depending on its original location.
Vented tree originates from the inner semi-conducting layer toward the surface of
insulation. The shape of the vented tree is similar to a pencil. S. Grzybowski discovered
the morphology changes of the water tree caused by the over current [39]. J. King and
M. Grundmeyer [40] reviewed the morphology of the water tree. B. S. Bernstein and N.
Srinivas found the increased electric stress magnitude would enhance the length growth
of the vented tree [41]. The study by T. Toshimitusu [42] and Tabata [43] stated the
increase of temperature would lead to the intensity increase of the vented tree. Meanwhile
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the average tree lengths would decrease. J. Sletbak and E. Ildstad discovered the
temperature cycling’s effects on the propagation rate of the vented tree [44]. In T. Tanaka
and T. Fukuda’s publication, the vented trees tended to concentrate in the high
mechanical stress areas [45].
Bow-tie tree grows from the insulation layer to the inner semi-conducting layer.
The direction of bow-tie tree would follow the direction of electric field. M. Karakelle
and P. J. Philips states that the frozen-in mechanical stresses would lead to the formation
of bow-tie tree [46]. The aging study on insulation materials showed that the length of
bow-tie tree remained unchanged after the tree’s initiation period. J. Sletbak and A. Botne
noticed that higher frequencies tended to accelerate the tree propagation rate. J. Sletbak
and E. Ildstad observed the correlation between bow-tie tree growth rate and temperature
gradient [44].
Attentive studies were carried out to develop the non-destructive methods to
detect the water tree within cable insulation. The water tree study conducted by S. V.
Nikolajevic revealed that the cables’ dielectric losses increased as the time for aging
increased [47]. J. W. Kirkland’s study showed that the existence of water tree did not
have impacts on the resistivity of the cables’ insulation [48]. G. Bahder observed a
decrease in insulation material’s resistivity the similar conditions [49]. K. Abdolall, H. E.
Orton, and M. W. Reynolds discovered the variation of the IR spectrum for cable with
water tree and un-aged cable was in a range between 20 and 350 cm-1 [50]. The statistical
method was also used to analyze the water tree length and intensity by A. A. Al-Arainy,
A. A. Ahaideb, and M. I. Qureshi [51].
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The insulation materials with water tree would be able to regain its dielectric
properties if the water tree was removed by drying. However, if the water re-enters the
dielectrics, the water tree would start to occur again. The phenomenon leads to the belief
that water tree does not pose an immediate threat to the cables, but a repair or
replacement should be scheduled shortly.
3.3.4

Electrical tree phenomenon
Generally electrical tree refers to the gas-filled channels initiating in the solid

dielectrics. Electrical tree is considered as damages that develop through solid dielectrics
under the applied electric stress. It is often treated as the pre-breakdown phenomenon.
The PD measurement is proved to be the most reliable method to detect the electrical tree
in solid dielectrics. It is suggested that the remedies should be taken immediately once
the existence of electrical tree in cable insulation is confirmed. Figure 3.7 shows the
electrical tree captured in the XLPE cable.

Figure 3.8

Electrical tree in XLPE cable
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J. H. Mason started observing electrical tree back in the 1950s [52]. Fifty year
later, L. A. Dissado concluded that many questions regarding the origins and growth of
electrical tree remained unanswered [53].
According to R. J. Densley, the electrical tree’s inception is the combined results
of electrical stress, mechanical stress, and imperfection of the solid dielectrics. However,
N. Shimizu and C. Laurent stated that those three factors only explained the electrical tree
evolved from the gas discharge [54]. If the insulation material was without voids, the
electrical tree needed an “induction” stage to form voids. The correlation between the
electrical tree’s shape and the PD activities’ patterns was studied by R. Patsch and M.
Hoof [55]. S. Grzybowski and R. Dobroszewski discussed the correlation between the PD
apparent charge and electrical tree length on 15 kV PE cable with embedded defects [56].
The PD analysis of electrical tree was conducted by L. A. Dissado, S. J. Dodd and J. M.
Alison [57]. The chaos characteristics analysis of electrical tree was performed by L. Liu,
Q. Zhou and R. Liao [58].
A. Bulinski, S. Bamji, and R. Densley’s observations confirmed that the electrical
tree could initiate from the water tree’s tips [59]. Y. Hayashi, T. Kato, and Y. Suzuoki
conducted the study regarding the transformation of electrical tree from the water tree by
water-needle experiment [60]. The research work by G. Bahder, C. Katz, and J. Lawson
correlated the intensity of PD activities and the growth rate of electrical tree [61]. Figure
3.8 showed the electrical tree which developed from water tree.
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Figure 3.9

Electrical tree initiated from water tree
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CHAPTER IV
RESULT OF ACCELERATED AGING OF 15 KV EPR CABLES

In the study, the experiments are taken on the EPR cable samples as well as the
EPR insulation materials samples made from the EPR cables. The measurements on the
cable samples reveal the overall conditions of cables after the multi-stress aging while the
measurements on materials samples present more detail information during the
accelerated aging. The analysis helps to assess the contribution each layer’s aging to the
overall multi-stress of the EPR power cables.
4.1

The tested EPR cable samples
The EPR able samples involved in the study were made from the commercially

available 15 kV EPR cables. Figure 4.1 shows the cross-section and dimensions of the tested
EPR cable.
The EPR cable samples were prepared for 5.5 m long segments with the active
aging length of 4.2 m. At each end of the sample, the linear LDPE (LLDPE) jacket, the
copper shield, and the semi-conductor layer were completely removed. Stress-relieved
terminations were applied to address the enhanced local electric field. During the
experiments, all of the EPR cable samples were placed in individual PVC pipes. Each
PVC pipe was filled with the tape water. The water level in the pipe was inspected
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frequently during the study [62]. The temperature for carried experiments was maintained
at a room temperature (20° C). Figure 4.2 presents the sketch for the EPR cable sample.

Figure 4.1

Cross-section and dimensions of the EPR cable

Figure 4.2

Dimensions of the tested EPR cable samples
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4.2

The setup for aging experiment
In the study, the EPR cable samples were tested under many different conditions,

including aging by rated ac voltage with rated current, aging by elevated ac voltage with
rated current, aging by elevated ac voltage and rated current with switching impulses
superimposed. Table 4-1 summarized the aging conditions for the tested EPR cable
samples.
Table 4.1

Summarized aging conditions for the tested EPR cable samples
Aging condition

EPR cables stressed by rated ac voltage
and rated current
Aged by switching impulses of 80 kV in
magnitude
Aged by elevated ac voltages and rated
ac current
Aged by rated ac voltage and ac current,
with switching impulses superimposed
Aged by elevated ac voltage and rated ac
current, with switching impulses
superimposed

Number of samples

Aging duration

3

650 hrs

3

10000 impulses

3

650 hrs

3

1300 hrs

3

1300 hrs

The selected ac stress level for the EPR cable samples were 8.7 kV (V0) for rated
ac voltage and 26 kV (3V0) for elevated ac voltage. The rated ac current of the ampacity
226 A (I0) was applied. The magnitude of the switching impulses for the superimposed
test was 62 kV. It was decided so that each applied switching impulse would be able to
trigger the partial discharge in the cable samples, even the impulse occurs at the negative
cycle of the applied ac voltage. For the switching impulses superimposing, the rate for the
applied impulses were 1000 impales of every 100 aging hour.
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The switching impulses were generated by an impulse generator. AC voltage was
supplied by a potential transformer. A current transformer was used to heat the EPR cable
insulation. Figure 4.3 to Figure 4-5 presents the schemes of different aging setups.

Figure 4.3

Scheme of aging setup for EPR cables aged by switching impulses

Figure 4.4

Scheme of aging setup for EPR cables aged by ac voltage and current
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Figure 4.5

4.3

Scheme of experiment setup for EPR cables aged by ac voltage and ac
current with switching impulses superimposed

The measurement setup
The PD measurement is known to be able to detect the small changes within the

cable without further damages. In comparison, the ac breakdown voltages measurement
will evaluate the “serviceability” of the cables.
The ac breakdown voltages of all tested EPR cable samples were measured after
the aging. In the ac breakdown voltages experiments, a stepped technique was used. The
applied ac voltage was first raised to 45 kV. After that, the voltage was increased by steps
of 4.5 kV. The applied voltage would remain constant for 3 minutes in each step. If no
breakdown occurred, the ac voltage would be increased by another step of 4.5 kV. By this
means, the common large scatter in the ac breakdown voltage measured was avoided.
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4.4

The PD measurement results
The measured PD parameters in the experiments include PD inception voltages

(PDIV), PD extinction voltages (PDEV), and the discharge magnitudes. The following
Figure 4.6 to Figure 4.11 presents the PDIV and PDEV results.

Figure 4.6

PDIV of the EPR cables samples aged by switching impulses
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Figure 4.7

PDEV of the EPR cables samples aged by switching impulses

Figure 4.8

PDIV of the EPR cables samples aged by elevated ac voltage with rated
current
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Figure 4.9

PDEV of the EPR cables samples aged by elevated ac voltage with rated
current

Figure 4.10

PDIV of the EPR cables samples aged by rated ac voltage and rated
current, with switching impulses superimposed
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Figure 4.11

PDEV of the EPR cables samples aged by rated ac voltage and rated
current, with switching impulses superimposed

The PDIV and PDEV of the EPR cables aged by switching impulses did not
change after the application of switching impulses. The variations in PDIV and PDEV
can be observed during the aging. Although the EPR samples aged by rated ac voltage
and current with switching impulses superimposed showed decrease in PDIV and PDEV
after aging, the oscillation can be observed during the decrease. A similar trend appeared
for the PDIV and PDEV of EPR cable samples aged by elevated ac voltage and rated
current. Similarly, the measured PDIV and PDEV for the EPR cable samples aged by
elevated ac voltage and rated current with switching impulses displayed the same trend
for the first 650 hrs of aging. However, the aging rate does not show a significant
decrease after the first 650 aging hours, which can be observed in Figure 4.12 and 4.13.
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The variation in PDIV and PDEV can be attributed to the existence of submicro-cavities
and micro-cavities in the EPR cable insulation.

Figure 4.12

PDIV of the EPR cables samples aged by elevated ac voltage and rated
current, with switching impulses superimposed
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Figure 4.13

PDEV of the EPR cables samples aged by elevated ac voltage and rated
current, with switching impulses superimposed

For the sample aged by elevated ac voltages and rated current, the discharge
magnitudes were measured at 25 kV. The measurements of the other EPR samples were
taken at the inception voltage levels. Thus the measurement values should be converted
to the same voltage level as Equation 4-1 to achieve the proper comparison.



q   0  AV
d
Where q is the discharge magnitude;
ε0 is the permittivity of air;
ε is the relative permittivity of insulation material;
d is the thickness of the dielectric;
η is the part of the surface of the cavity;
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4-1

A represents the surface of the cavity;
∆V indicates the applied voltage.
Table 4-2 shows the average percentage increase of PD magnitudes of all samples
after aging.
Table 4.2

Increase in PD magnitudes in percentage after aging
Aging condition

Increase in percentage

Aging time

19.7%

10000
impulses

53.3%

650 hours

31.1%

1300 hours

75.4%

1300 hours

Aging by switching
impulses
Aging by elevated ac
voltage and rated
current
Aging by rated ac
voltage and rated
current with
switching impulses
superimposed
Aging by elevated ac
voltage and rated
current with
switching impulses
superimposed

It needs to be pointed out that the PDIV of the EPR cables samples stressed by
rated voltage and rated current did not show any increase after 650 hrs of stressing. The
PDIV remained unchanged above 36 kV.
The PD measurement results of the EPR cable samples showed the similar
variations during the aging course. This phenomenon can be explained through the
formation of the submicro-cavities and micro-cavities, as well as the nature of the partial
discharges [13][16]. The EPR materials are generated with free spaces between the
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molecules, which are referred as the free volume. With the application of electric field or
other aging forces, the polymer molecules tend to rotate or coil by themselves. Then the
free volume will be re-arranged into the submicro-cavities. These submicro-cavities will
become the origins for the partial discharge activities. Even under the normal operational
voltage, the electric field strength at the tips of the submicro-cavities is so high that the
submicro-cavities will be further deteriorated through physical and chemical damages. As
the aging continues, the submicro-cavities will merge into the larger size micro-cavities.
The large size micro-cavities are usually filled with the gaseous discharge by-products.
The existence of such substance may change the electric field distribution, which results
in the increase of PDIV and PDEV at the beginning of the aging. As the aging continues,
other mechanisms, such as discharges in larger-size cavities, water tree, and electrical
tree will start to play the dominant role in the overall aging.
4.5

The ac breakdown voltages measurement
Since the ac breakdown voltage measurement is a destructive test, the

measurements on all EPR cable samples were conducted after the aging. The values of
the new EPR cable samples were attained as well. Table 4-3 presents the ac breakdown
voltages measurement results.
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Table 4.3

Summary of ac breakdown voltages measurement (kV)
Average breakdown
voltages

Aging conditions
Aging by elevated ac
voltage and rated
current
Aging by switching
impulses (80 kV)
Aging by rated ac
voltage and rated
current with switching
impulses superimposed
Aging by elevated ac
voltage and rated
current with switching
impulses superimposed
EPR cable stressed by
rated ac voltage and
current

75
104
72

77

103

New cable samples

96

The EPR cable samples’ breakdown voltages showed the impacts of each aging
factor. The reduction of ac breakdown voltages was observed for all the cable samples
that have aging factors applied. An interesting phenomenon should be noted that the
values of the new cable samples was lower than those of the samples stressed by rated ac
voltage with rated current and the samples aged by switching impulses. It is known that
the new cables usually contain the volatile byproducts from the crosslinking or curing
process. The existence of such byproducts tends to lower the dialectical strength of the
cables. It is the utilities’ practice that all cables are required to be degassed or preconditioned to release the internal volatile content before installation.
Moreover, the breakdown phenomena in solid dielectrics involve many different
parameters [63]. Past research revealed no solid correlation between the PD activities and
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the ac breakdown voltages of cables. The PD measurement is able to measure the minor
changes in the insulation materials’ properties while the measurements of ac breakdown
voltages evaluate the bulk properties of the cables’ insulation. It is projected that the ac
breakdown voltages will show a significant drop when the tested cables are close to their
failure.
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CHAPTER V
RESULT OF AGING STUDIES ON CABLES LAYERS DIELECTRICS

For a typical medium voltage polymeric power cable, Figure 5.1 shows the
electric field distribution over the cross-section of the EPR cable at the operation voltage.
The result shows that the electrical field stress in the inner semi-conducting layer and
outer semi-conducting layer is close to zero. The maximum electrical field stress occurs
at the insulation layer in the vicinity to the inner semi- conducting layer. Therefore, the
inner semi-conducting layer, outer semi-conducting layer, and outer LDPE jacket are
mainly affected by the thermal aging. The EPR insulation layer suffers from the
combined electrical-thermal aging.
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Figure 5.1

The electric field distribution over the cross-section of 15 kV cable

In the study, the EPR cables have been prepared as 30-cm short samples, which
underwent thermal aging at 105 °C, 140 °C, and 190 °C for 650 hrs. After the thermal
aging, the samples of inner semi-conducting layer, EPR insulation layer, outer semiconducting layer, and outer LDPE jacket were taken for Differential Scanning
Calorimetry (DSC) measurement. Due to the complicated conditions in the aging, the
lifetime characteristics of the EPR insulation samples under combined high electrical and
thermal stress was determined.
5.1

Thermal aging of EPR cables’ layers dielectrics
The accelerated thermal aging of the EPR cables’ layer dielectrics was carried out

at three different temperatures: 105 °C, 140 °C, and 190 °C [64]. The EPR cables have
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the maximum operation temperature of 105 °C with a short time overload capability at
140 °C. The thermal aging at these two temperatures has been seldom conducted. Figure
5.2 presents the Thermo Gravimetric Analysis (TGA) measurement results of the new
EPR cables’ layers dielectrics. The TGA measurement is capable of measuring the
changes in mass with the increases of the temperatures [65]. The TGA measurement is
known for reveal the thermal stability of the tested materials. It can be observed from the
Figure 5.1 that the decomposition of the cables’ layers dielectrics started between 190 °C
and 200 °C. Therefore the 190 °C was chosen for the purpose of maximizing the
accelerated thermal aging without inducing immediate decomposition.

Figure 5.2

TGA measurement results of new EPR cables’ layers dielectrics
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5.1.1

Sample description and experiment setup
The EPR cables were cut into 15 cm long pieces. Both end of the EPR cable

samples were sealed by aluminum foil for 4 cm to prevent the hot air oxidation. Clamps
were used for securing the aluminum foil in place. Wire hooks were used with clamps to
hang the cable in the container. Figure 5.3 shows the prepared EPR cable section for
thermal aging.
The container used is a 5-gallon aluminum bucket with a lid. The lid was drilled
to be able to host the cable samples. One container was able to hold 4 EPR cable samples
without physical contact between samples. Four 1/8’’ holes were drilled near the top and
the bottom of the container, at 90 ° to each other, to facilitate the ventilation. The closed
container was then placed inside the oven. The good temperature uniformity can be
achieved through this method. The temperature of the oven could be regulated between
40 °C and 250 °C.
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Figure 5.3

Prepared EPR cable section for thermal aging

The accelerated thermal aging of the EPR cables’ layers dielectrics was carried
out continuously at three different temperatures: 105 °C, 140 °C, and 190 °C. The aging
time was 650 hours for all three conditions. After the aging, the cable samples were first
checked visually for integrity. Then the cables’ layers dielectrics were removed from the
cables for additional measurements.
5.1.2

Measurement setup
DSC is a thermal technique commonly used for measuring the thermal properties

of polymeric materials. In the DSC measurement, the differences of heat which flow into
a substance and a reference material are measured as a function of temperature [65]. This
technique is based on the fact that when the sample goes through a physical
transformation, the flow of heat will become necessary even as the sample is kept at the
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same temperature. The DSC measurement result is usually in the form of a heat flow
curve versus temperature or time. From the curve, the enthalpies of transitions can be
calculated by peak integration of a given transition region. Equation 5-1 describes the
heating flow during the DSC measurement:
dH
dT
 Cp
 f T , t 
dt
dt

Where

5-1

dH
is the DSC heat flow;
dt

Cp is the specific heat capacity of the samples;
dT
is the heating rate;
dt

f(T, t) is the heat flow function which is function of time.
Figure 5-4 shows the typical presentation of thermal activity on the DSC data plot.

Figure 5.4

Typical thermal activities shown on DSC plot
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It can be observed that the shift of heat flow indicates the glass transition, while
the exothermic peak means the occurrence of crystallization. The endothermic peak in the
DSC plot represents the melting of the material.
The common applications of DSC measurement include measuring transition
enthalpies and crystallization, as well as oxidation of the polymeric materials. Another
important application of DSC technique is to measure the melting temperature and glassy
transition temperature of the polymers.
5.1.3
5.1.3.1

Thermal aging results of the EPR cables’ layer dielectrics
Accelerated thermal aging of EPR insulation material
The EPR insulation materials showed changes in colors after thermal aging. The

EPR insulation samples aged by 190 °C turned into grey color while the new samples
were in pink. The color of the EPR insulation samples aged by 105 °C and 140 °C lied
between the grey and pink color. Figure 5.5 compares the color of EPR insulation
samples aged at different temperatures.
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Figure 5.5

5.1.3.2

Comparison of EPR insulation samples aged at different temperature

Measurement results of DSC
The EPR material belongs to the category of elastomer. The elastomer material is

known as not having a fixed melting temperature, but showing a range of temperature
during the melting. Figure 5.6 to Figure 5.9 compares the DSC results of the EPR
insulation samples after the thermal aging. For each transition region in the DSC plot,
two temperatures are shown. The first temperature indicates the start temperature of the
transition region, while the second temperature represents the peak temperature of the
region. The peak temperatures are also marked by ‘(I)’.
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Figure 5.6

DSC measurement result of new EPR insulation sample

Figure 5.7

DSC measurement result of EPR insulation sample aged at 105 °C
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Figure 5.8

DSC measurement result of EPR insulation sample aged at 140 °C

Figure 5.9

DSC measurement result of EPR insulation sample aged at 190 °C
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In Figure 5.6, the new EPR insulation sample shows two transition regions with
peak temperatures of 25 °C and 101 °C accordingly. The transition region I is named as
the one with lower temperature region. The region II is the one in higher temperature
range. Both transition region I and II were slightly shifted to higher temperature of 36 °C
and 112 °C after thermal aging at 190 °C, shown in Figure 5.8. The samples aged by 140
°C show the similarity of transition I as well as the transition region II with a slight
increase in the onset temperature when compared with new EPR cable sample. Another
important feature is noticed by the comparison of the enthalpy during the transitions.
Table 5-1 summarizes the endothermic enthalpy during the transition. Since the energy
required in the transition is relatively small, it can be concluded that the transition regions
I and II are caused by the polymer’s glass transition during the transition.
Table 5.2

Endothermic enthalpy required for the transition (J/g)
Sample Name
New sample
Sample aged at
105 °C
Sample aged at
140 °C
Sample aged at
190 °C

Transition Region I
15.22

Transition Region II
1.23

3.1

0.6

11.6

1.6

4.35

0.16

The EPR material used for cable insulation is often a mixture of many
compounds. Those compounds may have different thermal properties, shown as various
transition regions in DSC measurement. Since the maximum operating temperature for
EPR cables is 105 °C, the transition regions near 105 °C would be of more significance.
The low endothermic enthalpy for EPR insulation sample aged at 105 °C indicated that
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the further cross-linking of EPR materials occurred at 105 °C. The cross-linking would
reduce the crystallinity of the materials. The phenomena for EPR insulation samples aged
at 140 °C was the result of additional cross-linking and thermal degradation. For the
sample aged at 190 °C, the EPR insulation material turned into amorphous state. The
impacts of thermal aging is visible through the DSC measurement results and
comparisons.
5.1.4

Accelerated thermal aging of inner semi-conducting material
The inner semi-conducting material does not show visual changes after

accelerated thermal aging. DSC measurements were taken on the samples as well, shown
in the following Figure 5.10 to Figure 5.13.

Figure 5.10

DSC measurement result of new inner semi-conducting material sample

70

Figure 5.11

DSC measurement result of inner semi-conducting material sample aged at
105 °C

Figure 5.12

DSC measurement result of inner semi-conducting material sample aged at
140 °C
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Figure 5.13

DSC measurement result of inner semi-conducting material sample aged by
190 °C

Assigning the transition regions as I, II, III from the lowest temperature to the
highest temperature, the DSC measurement results provide some interesting information.
The new sample only shows one transition region, which can be identified as melting at
98 °C. The aged samples display three transition regions. The transition regions I, II, and
III of samples aged at 105 °C can be viewed as the result of melting. The transition
region I of samples aged at 140 °C is marked as glass transition while the regions II and
III are considered as melting. The transition region I of samples aged at 190 °C is also
caused by melting. The transition regions II and III can be treated as glass transition.
Table 5-2 summarizes the endothermic enthalpy of each transition region for each
sample.
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Table 5.3

Endothermic enthalpy required for the transition (J/g)

Sample Name
New sample
Sample aged
at 105 °C
Sample aged
at 140 °C
Sample aged
at 190 °C

Transition Region I
NA

Transition Region II
15.6

Transition Region III
NA

32.3

3.6

0.1

0.3

12.0

0.3

60.7

10.6

0.4

The introduction of transition regions I and III were the result of thermal aging
caused by oxidation, while the transition region III was of more importance due to the
higher temperature. The behaviors of transition region II was similar to that of EPR
insulation samples. The DSC measurement results of inner semi-conducting confirmed
the effects of thermal aging on material’s thermal properties.
5.1.5

Accelerated thermal aging of outer semi-conducting materials
The outer semi-conducting material samples do not show much visual changes

after accelerated thermal aging. The DSC measurement results of the samples were
shown in the following figures.
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Figure 5.14

DSC measurement result of new outer semi-conducting material sample

Figure 5.15

DSC measurement result of outer semi-conducting material sample aged at
105 °C
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Figure 5.16

DSC measurement result of outer semi-conducting material sample aged at
140 °C

Figure 5.17

DSC measurement result of outer semi-conducting material sample aged at
190 °C
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The transition regions are assigned I and II from the lowest temperature to the
highest temperature, following the method used in the previous discussion. The new
samples and the samples aged at 105 °C show similar transition pattern with only one
transition region. It can be concluded that the transition region at 34 °C is caused by glass
transition. The samples aged at 140 °C and 190 °C show a second transition region II.
The transition region I of samples aged at 140 °C and 190 °C shows a slight decrease in
temperature compared with new samples and samples aged at 105 °C. From the
endothermic enthalpy calculation, it can be concluded that the transition region II of
samples aged at 140 °C and 190 °C is also result of glass transition. The calculation of
endothermic enthalpy is present in Table 5-3.
Table 5.4

Endothermic enthalpy required for the transition (J/g)
Sample Name
New sample
Sample aged at
105 °C
Sample aged at
140 °C
Sample aged at
190 °C

Transition Region I
7.3

Transition Region II
NA

5.7

NA

7.9

0.09

8.6

0.2

The introduction of transition region II as well as the increased endothermic
enthalpy can verify the impacts of the thermal aging to the outer semi-conducting
material samples.
5.1.6

Accelerated thermal aging of outer LLDE jacket materials
The outer LLDPE jacket material does show some changes after accelerated

thermal aging, especially the ones aged at 190 °C. The samples aged at 190 °C became
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brittle after the aging, indicating that loss of protection function. The DSC measurement
results of the samples were shown in the following figures.

Figure 5.18

DSC measurement result of new LLDPE jacket material sample

Figure 5.19

DSC measurement result of LLDPE jacket material sample aged at 105 °C
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Figure 5.20

DSC measurement result of LLDPE jacket material sample aged at 140 °C

The DSC result of new LLDPE jacket material does not show any sign of
endothermic or exothermic peak during the whole temperature spectrum. The outer jacket
of the EPR cable is designed to protect the cable from mechanical damage in the field.
The samples aged at 140 °C and 190 °C show the existence of transition region, which
indicates that the thermal stability is hindered. It is interesting to note that the samples
aged at 190 °C show several indentions in the DSC measurement result, which can be
viewed as the result of thermal aging. According to the TGA results showed in Figure
5.1, the decomposition of the LDPE outer jacket starts at a temperature higher than 200
°C. Therefore, the indention above temperature 210 °C is not taken into consideration.
The first indention in the graph, at 203 °C, is treated as a thermal transition region, which
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is named as the transition region III. The endothermic enthalpy of the samples is
presented in Table 5-4.
Table 5.5

Endothermic enthalpy required for the transition (J/g)
Sample
Name

Transition Region
I

Transition Region
II

Transition Region
III

New sample

NA

NA

NA

6.0

0.2

NA

4.0

0.09

0.07

NA

NA

NA

Sample aged
at 105 °C
Sample aged
at 140 °C
Sample aged
at 190 °C

NA: Not available

5.2
5.2.1

Lifetime characteristics of EPR insulation material under combined high
electrical and thermal stress
Measurement setup
The EPR material samples were obtained from the 15 kV EPR cables. The EPR

cable samples were first cut into 3 cm long sections. The outer LDPE jacket, outer semiconducting layer, copper shield, and conductors were then removed. The remaining 3-cm
sections of EPR insulation were attached to the mounting base of a cryo-microtome. The
EPR insulation samples of desired thickness were sheared from the 3-cm sections by
using the cryo-microtome. The EPR insulation samples were then trimmed to the
required dimensions of 15mm x 15mm. Figure 5.21 shows the EPR cable section and the
prepared EPR insulation sample [66].

79

Figure 5.21

Cross-section of the EPR cable and the tested insulation sample

In the study, the EPR material samples’ thickness was achieved to be 90 μm. The
deviation of thickness in each sample was less than 5 μm.
The equipment for the study was required to generate high electrical stress and
high temperature. A dielectric test system was built for the aging experiment. The
dielectric test system consisted of a temperature-controlled oven and a test ac high
voltage transformer. The oven’s temperature could be controlled from 40 °C to 250 °C.
The ac dielectric test set’s maximum output voltage was 12 kV. Figure 5.22 presents the
scheme for the entire dielectric test system.
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Figure 5.22

Scheme of the experiment setup

Where Rp is the protective resistor; C1 and C2 represents the capacitances for the
capacitive voltage divider.
Figure 5.23 presents the electrode configuration for the measurement. The top
electrode was the high voltage electrode with 5 mm in diameter and 15 cm in length. The
edge profile of the top electrode was prepared according to the Rogowski curve. The
bottom grounding electrode was consisted of two components: the top was 7.5 mm in
diameter with 1 cm in height while the base’s diameter was 30 mm.

Figure 5.23

Electrodes setup for the study
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The entire setup was immersed in silicon transformer oil to prevent the possible
flashover across the samples’ surface. Once the oven reached the temperature, the
measurement setup was kept for an additional 15 minutes before applying ac voltage to
ensure the proper heat distribution.
5.2.2

Measurement results for EPR insulation’s lifetime characteristics
As the first step, the breakdown voltages of the EPR insulation samples were

determined under all temperatures. The average dielectric strength of five EPR insulation
samples are presented in Table 5-5.
Table 5.6

Average dielectric strength of five EPR insulation samples
Temperature (°C)

Electrical strength (kV/mm)

70

87.5

105

87.1

140

86.5

165

85.3

190

85.0

From Table 5-5, it can be observed that the average dielectric strength of the EPR
insulation samples at 140 °C, 165 °C, and 190 °C is not significantly higher than 85
kV/mm. As a result, the time-to-failure measurement of the EPR insulation samples was
not conducted at 85 kV/mm. On the other hand, at lower electric field and lower
temperature, the data for time-to-failure of EPR insulation samples was too long to be
attained. Table 5-6 summarized the average time-to-failure data at each condition.
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Table 5.7

Measured average time-to-failure data for five EPR insulation samples
Temp. (°C)

70 kV/mm

75kV/mm

80 kV/mm

70 °C

NA

NA

804.4

105 °C

NA

9084

464.4

140 °C

149936

6533

390.8

165 °C

57288

2699

320.4

190 °C

38580

1799

227.2

NA: unable to complete;
The measured time-to-failure data is analyzed by the two-parameter Weibull
distribution for each specific temperature [19]. The 63.2% time-to-failure data of the EPR
insulation samples was obtained through the Weibull parameters calculation, shown in
Table 5-7.
Table 5.8

63.2% time-to-failure data of the EPR insulation samples
Temp. (°C)

70 kV/mm

75kV/mm

80 kV/mm

70 °C

NA

NA

630.6

105 °C

NA

10568.0

542.4

140 °C

158350

8223.0

489.6

165 °C

66698

3259.2

452.0

190 °C

44289

1311.3

420.8

NA: unable to complete;
Weibull plots Figure 5.24 to Figure 5.26 show the time-to-failure data of the EPR
insulation samples tested at different electrical stress and various temperatures.
83

99.0

P r o b a b i l i ty o f B r e a k d o w n

T=70 °C
T=105 °C
T=140 °C

90.0

T=165 °C
T=190 °C

63.2

50.0

10.0

10.0

100.0

1000.0

10000.0

Time to Breakdown (second)

Figure 5.24

Probability of breakdown for electrical stress of 80 kV/mm

P r o b a b i l i ty o f B r e a k d o w n

9 9 .0

T=1 0 5 °C
T=1 4 0 °C
T=1 6 5 °C

9 0 .0

T=1 9 0 °C

6 3 .2
5 0 .0

1 0 .0

1 0 .0

1 0 0 .0

1 0 0 0 .0

1 0 0 0 0 .0

1 0 0 0 0 0 .0

Time to Breakdown (second)

Figure 5.25

Probability of breakdown for electrical stress of 75 kV/mm
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Analysis of the time-to-failure data
The Crine’s electro-thermal model for polymeric insulation materials was known

for its validity for analyzing the lifetime data under the combined electrical and thermal
conditions [66]. The Crine’s model assumes that the loss of materials’ lifetime is
initiated through the thermal reaction. As the result, the loss of the EPR insulation
material’s life is viewed as the energy barrier height’s reduction. The lifetime t of the
polymeric insulation material under the combined electrical-thermal conditions is
described by Equation 5-2.

 1  0 r VE 2 
 h 
 G 
t 

exp

csc
h
 




kT
 kT 
 2 fkT 
2
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5-2

Where ε0 is the permitivity of vacumm, 8.85×10-12 F/m;

εr is the relative permitiviy of polymeric material, EPR in the study, 2.7;
h is the Planck’s constant, 6.626068×10-34 m2. kg /s;
k represents the Boltzmann’s constant, 1.38065×10-23 m2kg s-2 K-1;
E is the applied electrical stress;
T is the temperature in Kelvin;
f is assigned to the frequency of the applied electrical stress, 60 Hz;
∆G and ∆V represents the activation energy and activation volume of the tested
polymeric material.
According to Equation 5-2, when the electrical stress E is close to zero, the
polymeric materials samples’ lifetime L will approach infinite. The tail at low electrical
stress region will appear in a way that the L will move gradually toward infinite. If the
applied electrical stress E is high enough, Equation 5-2 can be modified as:

 G   0 r VE 2 
 h 
t 

  exp 
kT
 2 fkT 



5-3

The ∆G and ∆V in equation 5-3 are variables that can be determined from the
measurement results. Equation 5-4 can be obtained by applying Logarithm function for
Equation 5-3.

 G   0 r VE 2 
 h 
ln(t )  ln 

ln



kT
 2 fkT 


The final Equation 5-6 is obtained after cancellation and rearrangement of
Equation 5-5:
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5-4
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5-6

If E2 is treated as an integral parameter, Equation 5-6 is considered as a linear
equation in the form of y=ax+b. The 63.2% time-to-failure result of the EPR insulation
samples was then plotted in the semi-log plot. The ∆G and the ∆V for the EPR insulation
material were attained by calculating the intercept and the slope for the lines in the plot.
Figure 5.27 to Figure 5.29 were obtained by plotting the 63.2% lifetime data presented in
Table 5-7. The linear correlation between the square of the electric field stress E2 and the
logarithm of the time-to-failure t can be observed from the figures.
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The correlation between E2 and ln(t) at 190 °C
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2

0.7

The parameters of Crine’s model were obtained through Figure 5.27 to Figure
5.29. The activation energy ∆G and activation volume ∆V for the EPR insulation samples
at different temperatures were also presented in Table 5-8.
Table 5.9

Calculated activation energy and activation volume for EPR insulation
samples at various temperatures
Temp. (°C)

∆V(m3)

∆G(J)

140 °C

9.183x10-19

3.726x10-19

165 °C

8.406x10-19

3.002x10-19

190 °C

8.257x10-19

3.055x10-19
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CHAPTER VI
AGING MODEL AND ANALYSIS

The aging data can be categorized into two groups: the data of the EPR cable
samples and the data of the EPR cable layers dielectrics. Although numerous studies have
been conducted to find the correlation between the aging of these two terms, no success
has been found. In this chapter, a new lifetime estimation method is proposed using the
conventional electric filed calculation method. The method incorporated the measurement
data from the multi-stress aging of EPR cable samples as well as of EPR cable layers
dielectrics. The proposed new method helped to build the connection between the aging
studies on EPR cable samples and the EPR cable layers dielectrics.
6.1

Analysis of multi-stress aging of EPR cables
The multi-layer structure of the EPR cable forms a complex dielectric system.

The aging of EPR cables is influenced by many different factors. Each aging factor acts
differently to the overall aging of the cable depending on the specific conditions.
Therefore it is hard to give a general equation to describe the aging phenomena and the
subsequent life prediction. One approach that has been used frequently is to apply the
existing aging data to extrapolate a mathematic description. Then the mathematic
description will be used to calculate the remaining lifetime of the cables that have been
aged under the similar condition. Although the accuracy of this method may be
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questioned by the confidence interval and the lack of statistical meaning, its validity has
been verified in the practice.
6.1.1

Analysis of EPR cable aged by elevated ac voltage and rated current with
switching impulses superimposed
Due to the complexity of the breakdown of solid dielectrics, the partial discharge

(PD) inception voltage was chosen as the critical parameter for the analysis. It is the
common practice of the utilities that the EPR cables’ lives will be treated as unsuitable
for operation when the PD inception voltages drop to less than V0. The PD, especially the
PD caused by electrical tree, can indicate the serious defects in cables that will lead to
fast breakdown.
The PD inception voltages of EPR cables aged by elevated ac voltage and rated
current with switching impulses superimposed are presented in the below Table 6-1 and
Figure 6.1.
Table 6.1

PD inception voltages of EPR cable samples aged by elevated ac voltage
and rated current with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Sample #1
(kV)
32.4
29.5
25.9
38.7
30.3
28.7
26.8
25.2
24.6
22.9

Sample #2
(kV)
31.2
34.3
31.5
32.9
32.2
26.2
35.5
14.6
13.3
11.6
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Sample #3
(kV)
34.5
36.1
28.4
32.1
27.7
28.3
26.6
26.0
24.6
20.3

Average
(kV)
32.7
33.3
28.6
34.6
30.1
27.7
29.6
21.9
20.8
18.3

Figure 6.1

Measured PD inception voltages of EPR cable aged by elevated ac voltage
and ac current with switching impulses superimposed

Although the variation of PD inception voltage can be observed in the beginning
of aging, the trend of decrease of PD inception voltages was presented. The phenomenon
has been explained in Chapter IV that the variation is caused by the micro-cavities inside
insulation materials as well as the nature of partial discharges. The decrease of PD
inception becomes more visible as aging time increases.
The dielectric properties of the cables’ insulating materials are determined by
their chemical structures. The excellent electrical and mechanical properties of the
dielectric materials are also a result of their specific chemical bonds and structures. Thus
the aging of the solid dielectrics can be treated as the results of the deformation of the
chemical bonds between the molecules. The breakage of the bonds requires absorbing the
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additional energy, called “aging energy”. The aging energy varies between aging
experiments depending on the actual aging conditions. The aging and the deformation of
the molecules are thus the consequences of aging energy accumulation that depends on
the aging stress as well as the overall aging time. For the EPR cable aged by elevated ac
voltage and ac current with switching impulses superimposed, the aging energy comes
from the ac voltage source, the ac current source, and the applied switching impulses.
The reduction of PD inception voltage and the time of aging follows an
exponential relation. According to the exponential model [13], the life of the cable under
certain applied stress can be estimated as:

T  e   a  exp  bE 

6-1

Where: T is the lifetime;
E is the aging stress that comes from all aging stresses;
a and b is the constant;
The life of the cable has been represented by the PD inception voltages. In the
study, the accumulation of aging energy is achieved over the time. The stress can then be
replaced by the aging energy, which ultimately can be expressed as the aging time t.
Equation 6-1 can be modified as:

Vi  t   a  exp  bt 

6-2

Where Vi (t)is the PD inception voltage after aging;
t is the total aging time.
By applying the Logarithm function to the both sides of Equation 5-2, Equation 63 can be achieved.
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log10 Vi (t )   log10 (a)  t  b  log10e

6-3

The log10(Vi(t)) can be considered as an integral part. Equation 6-3 resembles the
form of y = ax+b. The a and b are variables in the equation, which can be attained by
calculating the slope and intercept of the fitted lines in the semi-log plots. The parameter
a and b can be extracted from the measurement data by Least Square Method (LS).
Assuming a straight line has the form of y = ax+b, one possible fitting line for the
equation is yi = a1x+b1. The sum of squared deviations Q between the observed yi and the
points on the straight lines is defined as [67][68][69]:
n

Q   [ yi  (a1 x  b1 )]2

6-4

i 1

Therefore, the LS method will provide the best fitting line when the Q is
minimized. The corresponding a1 and b1 yielding minimum Q are named the “least
square estimates” [69]. The LS estimate a1 and b1 can be obtained by setting the partial
derivatives of Q with respect to a1 and b1 equal to zero, shown in Equations 6-5 and 6-6.
n
dQ
 2 xi [ yi  (a1 xi  b1 )]
da1
i 1

6-5

n
dQ
 2 [ yi  (a1 xi  b1 )]
db1
i 1

6-6

Setting the above partial derivatives equations equal to zero, the following
equations can be obtained.
n

n

i 1

i 1

b1n  a1  xi   yi
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6-7

n

n

n

i 1

i 1

i 1

b1  xi  a1  xi 2   xi yi

6-8

The solution for a1 and b1 is listed as:

n xi yi  ( xi  yi )

6-9

( xi2 )( yi )  ( xi  xi yi )

6-10

a1 

b1 

n xi2  ( xi )2

n xi2  ( xi )2

By introducing the following notation Sxy, Sxx, and Syy, the above Equations 6-9
and 6-10 can be simplified into Equation 6-11.
n
n
1  n  n 
S xy   xi  x yi  y   xi yi    xi   yi 
n  i 1  i 1 
i 1
i 1
n







2

S xx   xi  x
i 1
n





S yy   yi  y
i 1

a1 



2



1 n 
  xi    xi 
n  i 1 
i 1
n

2

2

1 n 
  yi    yi 
n  i 1 
i 1
n

2

2

6-11

S xy
S xx

b1  y  a1 x
The quality of the fitted line by the LS method will be evaluated through a
statistic called “coefficient of determination” r2. The r can be obtained using Equation 612.

r  1

Q
S yy

6-12

The “coefficient of determination” r2 varies between 0 and 1. It is known that the
closer r2 is to 1, the better fit of the proposed line.
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Figure 6.2 presents the calculated least square line for the cable samples aged by

PD Inception Voltage (kV)

elevated ac voltage and ac current with switching impulses superimposed.
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Calculated least square line for the EPR cable aged by elevated ac voltage
and ac current with switching impulses superimposed

The calculated constant values a and b of Equations 6-2 for the EPR cable
samples aged by elevated ac voltage and ac current with switching impulses
superimposed are presented in Table 6-2. The calculation was achieved by Matlab. The
analysis yields 74.1% of coefficient of determination r2 between the log10(Vi(t)) and the
total aging time t for the aged EPR cable samples.
Table 6.2

Calculated parameters for the EPR cable samples by Matlab
Cable Type

a

b

EPR

35.375

4.416×10-4
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With the calculated parameters, the remaining life of the EPR cable samples can
be estimated. For the precision of the predication, the confidence interval (CI) is
introduced [69]. The (1-α) is called the confidence level. The life of each cable sample
and the mean life of the EPR cable samples can be obtained through the estimation. In
this study, the mean life of the EPR cable samples is of more interest. Then the
corresponding range for predicting the mean life of the EPR cable samples is called the
prediction interval (PI). The PI is much wider than the CI. A 100(1-α)% PI for a V is then
expressed as [69]:
1  x  xmean 
1  x  xmean 
6-13
Ypredi  tn  2,  / 2 s 1  
 Yestimate  Ypredi  tn  2,  / 2 s 1  
n
Sxx
n
Sxx
2

2

The PD inception voltage of EPR cable samples at failure is fixed at 8.7 kV (V0).
The problem then changes to estimation of t with a known Vi, which is called the inverse
regression. The graphic analysis in Figure 6-3 showes that the lower and upper limit of t
corresponds to the upper and lower limit of Vi.
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Figure 6.3

Graphical solution for the reverse linear regression [69]

The lower and upper limit of the aging time t for a specific EPR cable can then be
expressed as:

t   t 0  t (1   / 2, n  2)

2
*


Var (Vi)  1  t  tmean  


b n
Sxx



6-14

The lower and upper limit of the aging time t for the mean value of a group of
EPR cable samples is [69]:

t   t 0  t (1   / 2, n  2)

2
*


Var (Vi)  1  t  tmean  
1 

b  n
Sxx



6-15

Then the 95% CI of the expected lifetime of one tested EPR cable sample is (3003
hrs, 3335 hrs). The 95% PI of the mean lifetime of the tested EPR cable samples is (2611
hrs, 3752 hrs).
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From Figure 6.2, the data presented at 350 hrs and 800 hrs are not following the
exact general pattern between Vi and t. Statistically the two data points may be treated as
outliers, thus should be eliminated from the data set. The existence of the outliers can
explain why the coefficient of determination is 74.1%. The physical phenomena behind
the increases in inception voltages are explained by the sub-micro cavities and the PD
activities in the solid dielectrics. If the data points at 350 hrs and 800 hrs are removed for
statistical analysis purpose, then the coefficient of determination can be improved to
91.2%, which can be considered as a good fit.
6.2

Analysis of thermal aging of EPR cable layers dielectrics
For the semi-crystalline materials, the percent of crystallinity has a direct impact

on many of the material’s properties, including the mechanical properties as well as the
electrical properties [70]. Although the crystallinity of the EPR insulation material is
lower than the normal semi-crystalline materials, the percent of crystallinity directs the
major properties of the material. The EPR insulation material used in medium voltage
cable is usually of high percentage of ethylene content [5]. The crystallinity degree of
such material is higher than those EPR materials with lower ethylene percentage.
Moreover, the inner semi-conducting material and the outer semi-conducting material is
extruded with EPR insulation material, in which the EPR insulation material will serve as
the basic resin. The outer jacket material is LDPE material, which falls into the category
of semi-crystalline material. The percent of crystallinity will affect all of these materials’
properties. The effect of the thermal aging can be assessed through the change of
crystallinity percentage.
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The percent of crystallinity for certain type of material can be determined as [68]:
%crystallinity=[∆Hm-∆Hc]/∆Hp

6-16

Where:∆Hm is the total endothermic heat during the melting;
∆Hc is the exothermic heat during the cold crystallization;
∆Hp is the heat of fusion for the material which is 100% crystalline.
The ∆Hp would vary with the change in polymers’ contents and structures. The
composition and structure of the cables’ layers dielectrics in this study are not released by
the manufacturer. The ∆Hp collected from the reference is used for estimating the percent
of crystallinity.
The weight percentage of ethylene in the EPR insulation materials usually vary
between 45% and 80%. From the reference [71], it can be observed that the higher
percentage of ethylene content in EPR, the lower the ∆Hp of the EPR material. The heat
of the fusion versus the ethylene content in EPR from reference [71] is plotted in Figure
6.4. It can be observed that the heat of fusion for EPR material will remain relatively
stable with the ethylene content is more than 30%.
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Figure 6.4

The heat of fusion versus the percent of ethylene content in EPR [71]

The observation of the measurement results yield that when ethylene content of
EPR is 77.8% (70% of wt. %), the EPR material’s heat of fusion will be estimated to be
close to 20 J/g. The EPR materials used for power cable insulation are mixtures of many
different compounds, including kaolin, zinc oxide, LDPE, and dicumyl peroxide as
crosslinking agent. The heat of fusion of the actual EPR insulation is to be measured
between 50 J/g to 80 J/g [72][73]. For the purpose of comparison, the heat of fusion of
the EPR insulation material in this study is chosen as 80 J/g due to its usage in medium
voltage cable class. The degree of crystallinity of EPR insulation materials before and
after 650 hours thermal aging is listed in Table 6-3.
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Table 6.3

Degree of crystallinity of EPR insulation material
Aging conditions

Degree of Crystallinity

New

19.0%

Aging at 105 °Cfor 650 hrs

4%

Aging at 140 °C for 650 hrs

14.5%

Aging at 190 °C for 650 hrs

5.5%

The inner semi-conducting material and outer semi-conducting material are
claimed to be thermosetting materials. The thermosetting material used for semiconducting materials of EPR cables is based on ethylene vinyl acetate (EVA) [70]. The
increased conductivity of the material is achieved by the dispersion of carbon black. The
carbon black is inorganic filler which should not impact the degree of crystallinity of the
base resin, but the added filler may improve the melting temperature of the inner semiconducting materials. Moreover, the inner semi-conducting material has lower resistivity
than the outer semi-conducting materials, which means that more carbon black is added
for inner semi-conducting materials. The heat of fusion of EVA may range from 30 J/g to
145 J/g [74][75]. In this study, the heat of fusion of EVA is treated as 80 J/g. The EVA
has a normal melting temperature between 100 °C to 110 °C. The other transition regions
indicate the changes of other compounds, which is considered as irrelevant in this study.
Table 6-4 and Table 6-5 presents the degree of crystallinity of the cables’ inner and outer
semi-conducting materials before and after aging.
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Table 6.4

Table 6.5

Degree of crystallinity of inner semi-conducting material
Aging conditions

Degree of Crystallinity

New

19.5%

Aging at 105 °C for 650 hrs

4.5%

Aging at 140 °C for 650 hrs

15%

Aging at 190 °C for 650 hrs

13.3%

Degree of crystallinity of outer semi-conducting material
Aging conditions

Degree of Crystallinity

New

9.1%

Aging at 105 °C for 650 hrs

7.1%

Aging at 140 °C for 650 hrs

9.9%

Aging at 190 °C for 650 hrs

10.8%

The outer jacket of the EPR cables is composed of the LLDPE material.
Compared with the EPR material, the conventional LLDPE will have higher degree of
crystallinity [76]. Generally the degree of crystallinity of LLDPE will vary between 20%
and 50% [68] according to their detail structure, while the heat of fusion of LLDPE is
between 62 J/g and 142 J/g. The data for the LLDPE jacket in this study is not released
by the manufacturer. The LLDPE outer jacket is supposed to have similar thermal
properties as EPR insulation and EVA semi-conducting materials. For the purpose of
comparison, the LLDPE’s heat of fusion is fixed at 80 J/g in this study. Table 6-6
presented the degree of crystallinity of LLDPE after the accelerated thermal aging.
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Table 6.6

Degree of crystallinity of outer jacket material
Aging conditions

Degree of Crystallinity

New

NA

Aging at 105 °C for 650 hrs

0.25%

Aging at 140 °C for 650 hrs

0.11%

Aging at 190 °C for 650 hrs

NA

NA: not available
The degree of crystallinity measurement revealed that the liner low-density
polyethylene (LLDPE) jacket was almost amorphous. The DSC measurement of new
LLDPE jacket material shows no melting peak but rather a wide range of endothermic
heat flow. Therefore, the degree of crystallinity calculation will not be able to present
information of the LLDPE material’s property changes.
The crystallinity degree of the EPR insulation materials and EVA inner semiconducting materials showed significantly decrease after aging at 190 °C. For the outer
semi-conducting material, the crystallinity remains constant after aging. An interesting
observation is that the crystallinity of EPR material, inner semi-conducting material, and
outer semi-conducting material show the low value for the aging carried out 105 °C. It is
known that the temperature 105 °C is close to the cross-linking temperature of the cable’s
layers dielectrics. This additional exposure time at 105 °C may lead to the further crosslinking between the remaining linear molecules. The cross-linking process will increase
the amorphous part of the polymer materials, reducing the degree of crystallinity. At any
temperature above 105 °C, the degree of crystallinity will decrease as the aging
temperature increases. The EPR insulation material became almost amorphous after
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aging at 190 °C. Although the color of EPR insulation changed from pink to grey after
accelerated aging, the electrical properties did not show much change. It can be
concluded that the thermal aging will mainly affect the mechanical properties of the
cables’ layers dielectrics.
6.3

New lifetime estimation method for EPR cables
Traditionally the lifetime estimation was either done for the complete cable

samples or for the cable layers dielectrics samples. There have not been any attempts to
estimate the lifetime of cable samples based on the parameters of cable layers dielectrics.
In this study, a new lifetime estimation method for EPR cables was proposed. The
proposed method incorporated the iteration calculation. During each step, the general
approach of Finite Element Method (FEM) was used for electric field calculation. The
lifetime of the EPR cable during each step was determined by the lifetime characteristics
of the EPR insulation, which were attained through the aging study on the EPR insulation
material samples. The new lifetime estimation method helped to build the connection
between the two subjects that have long been treated as unrelated. The following section
presents the fundamentals regarding the FEM method. The algorithm of the FEM method
used for this study is also presented. The results for lifetime estimation on the EPR cable
sample is shown in the next section.
6.3.1

Finite Element Method for Electric Field Calculation
The EPR cables multi-layer structure forms a cylinder capacitor. Assuming the

field is static, the electrical field stress distribution inside this capacitor can be solved by
the equation:
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E=-V

6-17

Where: E is the electric field stress;
V represents as the gradient of potential V;
Assuming the cables’ layer dielectrics are homogeneous materials, then the
relationship between the electric displacement D and the electrical field stress E can be
applied to Equation 6-16.

  0V  P   

6-18

Where: the ε0 is the permittivity of the vacuum;
P is the electric polarization vector;
ρ is the space charge density.
Since the electrical field in the cable layers is in the radial direction, the electrical
stress will vary only in the direction of x and y. Since the cable length is infinite, it will
be appropriate to simplify the problem by solving the electrical stress in xy plane of the xo-y coordinates, which is over the EPR cable’s cross-section.
Assuming the insulation material is homogeneous without any defects, the
feasible solution of the electrical field inside insulation layers shows:

  r 

E ( x)  V 0 / x  ln R

6-19

Where: V0 is the applied voltage;
x is the distance to the center of the cable conductor;
R and r is the external and internal radius of the insulation layer;
Equation 6-19 used in the practical application has been slightly modified as [5]:
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E ( x)  V 0 / 1.4321 x  ln R 
r 


6-20

It can be observed from the equation that the electric field stress in the cable only
exists in the insulation layer. The magnitude of the stress depends only on the location
inside the insulation layer. However, if there is a void or defect inside the insulation
layer, the electrical field distribution will be significantly different.
The permittivity of EPR material is usually at 3.6. Then the relationship between
the electric displacement D and the electrical field stress E in EPR insulation layer and
void is D=3.6Eε0 and D=Eε0 accordingly.
Equation 5-17 then is modified as:

  0V  P   

6-21

Equation 5-20 can be further transformed as:

 2V 




6-22

In the ac voltage application, the charge density inside cable insulation can be
neglected. The charges stored in voids can be also minor due to the small dimension of
the void (in μm). Thus the right hand side of Equation 6-22 becomes zero.
Since the electrical field stress is solved in the xy plane, which is a twodimensional Laplace equation, the solution can be finalized into:

 2V  2V

0
x 2 y 2
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6-23

Here the x and y are the coordinate in the xy plane. The FEM method is one of the
most frequently used methods for solving the Laplace equation [77][78]. The FEM
method has been proven for its validity for solving the static electric field distribution.
The FEM is based on the idea that the solution will minimize the energy in the
whole field region. Assuming a Cartesian coordinate system, then the electrical energy W
stored in the cable volume R is expressed as Equation 6-24.
2
2
2 
1 
  
   
   

W  
 x     y     z    dxdydz
v 2
 x 
 z  
 y 

 


6-24

Where: εx, εy, and εz is the anisotropic permittivity coefficients;
ϕ is the electric potential at specific location.
In the case of the EPR cross-section, the conductivity of the EPR insulation
material is relatively small and thus can be neglected. No space charge accumulates at the
interfaces between EPR insulation and semi-conducting layers. The solid dielectrics
materials used in the EPR cable samples are isotropic. Therefore the permittivity εx, εy,
and εz is equal to ε. The value of ε will change at the boundaries between different
materials. According to the previous assumption that the cable length is infinite, then the
solution domain has been changed from volume R to cross-section area A. Figure 6.5
shows that the area A has been divided by boundaries with given potential ϕa and ϕb.
Thus the total stored energy within the area A is obtained by modifying Equation 6-24.
2 
2
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6-25

Figure 6.5

The limited field area A, divided into two regions

The potential distribution ϕ(x,y) is assumed to be continuous with a finite number
of derivations. It will then be possible to attain a continuous function for the whole area
A if the area A is adequately discretized. Triangle, square, and rectangular elements are
normally used for solving such problems in the two-dimensional scales [79][80]. Figure
6.6 presents the subdivision of area A by triangle elements.

Figure 6.6

A subdivision of section A by triangle elements
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The potential ϕ(x,y) can be expresses as the accumulation of polynomials from the
lowest to the highest order:

  x, y  = 1+ 2 x+ 3y+ 4x 2   5 xy   6 y 2  ...,

6-26

The approximation of the function can be achieved by compromising between the
computation time and accuracy, which is usually achieved by eliminating the higher
order component of Equation 6-26. Many different algorithms have been introduced for
the simplification of Equation 6-26. If the simple linear dependency is used, the
relationship between ϕ(x,y), x, and y can be expressed as:

  x, y  = = 1+ 2 x   3 y

6-27

Therefore, the potential at i, m, and j in Figure 6. 6 can be given by following
Equation 6-27:

 i = 1+ 2 xi   3 yi
 m = 1+ 2 xm   3 ym
 j = 1+ 2 xj   3 yj

6-28

The coefficients of α1, α2, and α3 can thus be obtained by solving the algebraic
Equations 6-28.
1
 ai i  aj j  am m 
2e
1
2 
 bi i  bj j  bm m 
2e
1
3 
 ci i  cj j  cm m 
2e
1 

Where
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ai  xjym  xmyi
aj  xmyi  xiym
am  xiyj  xjyi
bi  yj  ym
bj  ym  yi
bm  yi  yj
ci  xm  xj
cj  xi  xm
cm  xj  xi
2e  ai  aj  am  bicj  bjci

6-30

It can be observed from Equations 6-30 that the potential at the node i, j, and m
are the function of the adjacent nodes of the triangular elements. The potential ϕe for each
location in the area A can be expressed as:
i 
 
 e   Ni , Nj , N m    j 
 m 
 

6-31

Where i, j, and m in Equation 6-30 represents the surrounding nodes;
N is the shape function depending on how the area A is divided.
Then the potential ϕ can be expressed as the contribution of all nodes in the area
A:
i 
 
 e =   e    N , N j , N m   j 
1
1
 m 
 
N

N

e
i

e

e

The Ne in Equation 6-32 represents one of the three shape functions for each
individual node.
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The FEM is based on the theory that the total energy within the domain is
minimal. For the domain of the area A, the total energy within the area is:

e 

2
2

   
1 
   
e  x 


y
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 y  
e
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The differentiation function of the energy χ can be written in a matrix form:





 

e

 bi 2  ci 2 
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(bi 2  cj 2 )  bjbm  cjcm    j    h   e 
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6-34

From Equation 6-34, it is possible to obtain the unknown potential within the area
A through the combination of the known potentials. Usually the number of dependent
nodes is small for the area that is divided by triangle elements. For a system with Laplace
condition, the FEM solution should fulfill the requirement that the derivatives of the
energy are equal to zero.
The FEM is extremely useful for solving the problem within non-homogeneous
dielectrics. The shapes and sizes of the elements can be easily adjusted depending on the
requirement of the computation time. The accuracy of the calculation can also be
improved by incorporating the higher order elements.
In this study, the solution of the electric field stress involves the following
procedures: setting up the geometries, domains and materials properties for the EPR
cable sample; generating meshes for the solution domains; assembling equations for the
given boundary conditions; solving the equations by using numerical methods. The whole
computation process were achieved by using Matlab. The Delaunay triangulation
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algorithm [80] was used for the mesh generation. The computation results and
computation time was collected for the analysis.
6.3.2

The results of the new lifetime estimation method on the EPR cable
The actual EPR cables serviced in power system inevitably contain defects that

may become the origin of the aging. Although the advancements in materials
manufacturing have eliminated the most hazardous ones, the common cavities still exist
in the new EPR cables. Most of the cavities in the new cables are sub-micro cavities and
micro cavities. The existence of such cavities does not pose an immediate threat to the
cables [79]. The micro-cavities and sub-micro cavities tend to affect the aging in the long
term through the distortion of local electric field.
From Figure 5.1, it can be observed that the potential difference between the
semi-conducting layers and the surrounding metallic layers was so small that could be
neglected. Therefore, all the simulated cable samples in this study were having the
conductor radius of 5.5 mm with EPR insulation thickness of 5.5 mm (220 mil). The
inner semi-conducting layer and outer semi-conducting layer were removed for the
simulation. The geometry of the simulated EPR cable is presented in Figure 6.7.
Figure 6.8 shows the electric field distribution of a void-free 15 kV EPR cable’s
cross-section at the applied voltage of 15 kV.
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Figure 6.7

The geometry of the simulated EPR cable samples

Figure 6.8

The electric field distribution of 15 kV EPR cable without void, crosssection at 15 kV
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Assuming that the cable contains a spheroid void, the electric field distribution
inside the EPR cable insulation will be distorted. The direction of the electric field inside
the cable is in the radial direction. It is reasonable to assume that the spheroid void locate
on the x axis. The location of the spheroid void has great impacts on the electric field
distribution. Figure 6.9 to Figure 6.12 compares the electric field of the EPR cable when
the center of void is at (6 mm, 0), (7 mm, 0), (8 mm, 0), and (10 mm, 0) with a radius of
0.2 mm.

Figure 6.9

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (6 mm,0), cross-section, at 15 kV
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Figure 6.10

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (7 mm,0), cross-section, at 15 kV

Figure 6.11

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (8 mm,0), cross-section, at 15 kV
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Figure 6.12

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (10 mm,0), cross-section, at 15 kV

It can be observed that the existence of void will have strong influences on the
magnitude of local electric stress. In the above analysis, the increase in the magnitude of
local electric stress caused by the existence of void will be more than 40%. The location
of the void also affects the local electric stress. It can be concluded that the closer of the
void to the internal conductor, the greater the increase of local electric field magnitude.
Not only the location of the void has impact on the electric field distribution, but also the
size of the void will contribute to the local stress enhancement. Figure 6-13 to Figure 615 compares the impacts of the void size to the electric field stress. The void is assumed
to be at (7mm, 0), while the radius of the void varies from 0.4 mm to 0.8 mm.
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Figure 6.13

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (7 mm,0), void radius of 0.4 mm, cross-section, at 15 kV

Figure 6.14

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (7 mm,0), void radius of 0.6 mm, cross-section, at 15 kV
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Figure 6.15

The electric field distribution of 15 kV EPR cable with one spheroid void,
at (7 mm,0), void radius of 0.8 mm, cross-section, at 15 kV

It has been known that the overall aging of EPR cables is the result of multi-stress
aging. While the semi-conducting layers mainly undergo thermal aging, the insulation
layer will be aged by electrical and thermal stress. Majority of the cables’ failures are due
to the electrical tree, which develop from the PD in cavities or impurities inside
insulation layer [81][82][83][84].
The following flow chart presents the algorithm of the new life estimation method
of the EPR cables. This new method is based on the aging study of the cable’s layers
dielectrics as well as the electric field calculation for the EPR cables.
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Figure 6.16

The algorithm of the new life estimation method for EPR cables

The lifetime characteristics of the EPR insulation material is deducted from the
EPR material’s aging study, as described in Equation 5-6. The activation energy ∆G and
activation volume ∆V at temperature 70 °C is inferred from the measurement data
presented in Chapter V. The logarithm lifetime of the EPR insulation material at 70 °C
can be expressed in the form of ln(t)=A-BE2, where E is the applied electrical stress. With
the parameters shown in Chapter V, the equation is shown as (E is in kV/m):

ln(t )  61.4302  6.98 109 E 2
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6-35

The cavity size inside the EPR insulation will increase as the results of
decomposition of insulation materials. Assuming that the growth of the void is achieved
by increase in its radius, the relationship between the void growth and the required
energy can be expressed as [82][85]:

 02 r2 r02 4
W
Ec dr0
8Y

6-36

Where: εr is the permittivity of the EPR insulation material, 3.6;
Y is the modules of elasticity of the EPR material, which is 5 MPa;
Ec is the critical electric field stress for void growth, which is 4000 kV/cm; dr0
represents the direction of the growth, which follows the direction of the
electric field;
Equation 6-36 assumes that the electric stress magnitude of 4000 kV/cm would
trigger immediate crack of 1 μm in radius. As mentioned in reference [85], the time for
the void to achieve 1 μm radius increase is one second for the PE with εr of 2.3 and Y of
100 MPa. Thus for the EPR material stressed at 3.82 kV/mm, the required time for 1 μm
increment in radius is estimated to be 2.446x106 seconds (679.4 hours), which is
considered as initiation time in the lifetime estimation. The 15 kV EPR cable insulation
has a thickness of 5.5 mm. In the following case study, the time to failure of the EPR
cable with a void of 0.1 mm close to cable conductor is estimated following the
algorithms in Figure 6-11.
Ideally, the radial direction of the EPR cable cross-section should be divided into
n segments. Each segment’s length can be expressed as 5.5/n mm. While the cavity is
expanding from i*5.5/n mm to (i+1)*5.5/n, the change in electric stress distribution is so
121

small that can be neglected. Thus the n should approach infinite in theory. The large n
will inevitably cause long computation time. A compromise between accuracy and
computation efficiency is needed. In the initial computation, the n is selected as 0.1 mm.
The calculation is based on the EPR cable with the same dimension used in this
study. In the normal condition, the air has a dielectric strength of about 3 kV/mm. From
Figure 6.9, it shows that the electric stress inside cavity is always larger than 3 kV/mm.
The breakdown phenomenon inside cavity make it as conductive in the electric field
analysis, which also enhance the local electric field strength.
Table 6-7 to Table 6-9 summarized 5 calculations for the life estimation of the
EPR cable with a 0.1 mm void locating at (5.6 mm, 0). The length of the step varies from
0.2 mm to 0.05 mm.
Table 6.7

Calculation result for step length of 0.2 mm
Count

Life estimation of EPR cable

Required calculation time

1

1.14*109 second

102.0 second

2

1.06*109 second

85.9 second

3

1.13*109 second

114.5 second

4

1.20*109 second

105.6 second

5

1.07*109 second

103.8 second
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Table 6.8

Table 6.9

Calculation result for step length of 0.1 mm
Count

Life estimation of EPR cable

Required calculation time

1

8.53*108 second

145.5 second

2

8.63*108 second

164.5 second

3

8.98*108 second

155.5 second

4

8.27*108 second

158.1 second

5

8.30*108 second

143.9 second

Calculation result for step length of 0.05 mm
Count

Life estimation of EPR cable

Required calculation time

1

8

7.28*10 second

226.3 second

2

8

7.05*10 second

219.2 second

3

8

7.34*10 second

269.7 second

4

6.86*108 second

262.1 second

5

6.31*108 second

252.0 second

It can be observed that the length of the step have great impacts on the lifetime
estimation results. The major reason is that the local electric stress is very sensitive to the
cavity’s size and location, especially when the cavity’s radius is less than 0.5 mm. It is
found that when the difference in the cavity’s radius is less than 0.01 mm, the difference
in the maximum electric stress would be less than 0.6%, which is sufficient for the
lifetime estimation. Therefore, the step of 0.01 mm is selected for the final calculation.
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Table 6.10

Calculation result for step length of 0.01 mm
Count

Life estimation of EPR cable

Required calculation time

1

8

3.60*10 second

639.9 second

2

8

3.72*10 second

699.5 second

3

8

2.96*10 second

608.1 second

4
5

8

676.6 second
715.6 second

3.76*10 second
3.94*108 second

The following figures presents changes of the electric stress distribution with the
growth of the cavity size. Initially the cavity is 0.1 mm in radius, locating at (5.05 mm,
0).

Figure 6.17

Electric field distribution of EPR cable, with cavity radius of 0.1 mm
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Figure 6.18

Electric field distribution of EPR cable, with cavity radius increased to 0.15
mm

Figure 6.19

Electric field distribution of EPR cable, with cavity radius increased to 0.3
mm
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Figure 6.20

Electric field distribution of EPR cable, with cavity radius increased to 1.7
mm

Figure 6.21

Electric field distribution of EPR cable, with cavity radius increased to 2
mm
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The above Figure 6-17 to Figure 6-21 presents the failures process of the EPR
cable samples caused by the single spheroid void. The EPR insulation material’s
parameters, such as the instant dielectric strength and the other lifetime characteristics
under specific stresses, was used for estimating the lifetime of the EPR cables. Other
aging models can be used to describe the lifetime characteristics of the EPR material,
which should replace Equation 6-34. The proposed method then incorporated the
obtained EPR materials’ lifetime equation and properties into the calculation itineration,
shown in Figure 6.16. The materials’ properties and lifetime characteristics were both
used directly in the electric field calculation by FEM method. Moreover, the materials
properties were applied to setup the judgment criterion for the itineration. The proposed
new methodology formed a solid connection between the EPR material’s lifetime
characteristics and the EPR cables’ lifetime estimation.
In case of multiple spheroid voids in the EPR cables, the lifetime can be greatly
shorten, which will be determined by the distribution of the voids in the EPR cables. The
distribution of the spheroid voids in the EPR cables ultimately depends on the
manufacturing process.
If the lifetime for EPR cables with one spheroid void in the unit-length N is
denoted as TN, then the time-to-failure for any EPR cables length L can be estimated as
well. Since the electric stress along the EPR cable is identical, the failure for each unit
length EPR cable can be viewed as an independent incident [19]. By this means, the EPR
cable with length L can be treated as a series system which consists of L/N independent
parts. Then the estimated lifetime TL of the EPR cable with length L will be proportional
to the ratio L/N.
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TL 

N
TN
L

6-37

It can be observed from the above figures and calculation that the EPR cables’
samples lifetime estimation could be achieved from the measured lifetime characteristics
of the EPR insulation materials. The proposed method provided a direct link between the
two subjects which were long thought as uncorrelated. As shown in Equation 6-37, the
method could possibly be further extended to estimate the lifetime of the long EPR cables
that suffered from the similar aging conditions.

128

CHAPTER VII
CONCLUSION

In this study, the aging experiments were carried out on the EPR cable samples as
well as the material samples taken from the EPR cable layers’ dielectrics. The discussion
between the overall aging of the EPR cable samples and the aging of the cable layers’
dielectrics were presented. An empirical lifetime model for the EPR cable aged by multistresses was extracted based on the measurement data. The lifetime characteristics for the
EPR insulation material were found to fit the Crine’s model. A tentative method for
calculating the lifetime of EPR cable was proposed, which was based on the lifetime
characteristics of the EPR material obtained in this study. The following conclusions
have been drawn from the study:
1. A new lifetime estimation method for the EPR cables was proposed. The
new method introduced a new way to predict the lifetime of the EPR
cables using the parameters from the aging study results of the EPR
materials. The proposed method offered a new prospect to link the
macroscopic EPR cable aging with the microscopic level EPR materials
deterioration.
2. The multi-stress aging was carried out on the EPR cable samples. The
measurement results showed the effects of electrical stress, thermal stress,
and the impact of the environment in the accelerated aging. The synergic
129

effects between electrical stress and thermal stress could be viewed
through the PD parameters and ac breakdown voltages measurements.
3. The PD parameters measurement was proven to be capable to detect the
minor changes of the insulation properties for the EPR cable samples
during the multi-stress aging.
4. The oscillation in the PD inception and extinction voltages could be
explained by the changes of insulation material morphology. The
phenomena could also be correlated with the ac breakdown voltages
measurement.
5. The aging study of EPR insulation material samples by combined
electrical and thermal stress helped to establish the lifetime characteristics
of EPR insulation material. The obtained lifetime characteristics for EPR
insulation material were used in the new method for estimating lifetime of
the EPR cables.
6. The recorded time-to-failure data of EPR insulation samples under
combined high electrical and thermal stress was proved to be well-fitted
with the Crine’s aging model.
7. The DSC measurements revealed the significance of crystallinity degree
for the EPR cable layers’ dielectrics. The changes of crystallinity degree
were calculated for the samples aged at different temperatures. The visual
inspection and comparison of crystallinity degree indicated that the degree
of crystallinity had the direct impacts on the materials’ mechanical
properties.
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8. The proposed new lifetime estimation method followed the algorithm of
Finite Element Method (FEM) for electric field calculation. The
estimation for the EPR cables was achieved by calculating the required
time-to-failure for each step of the iteration. The time-to-failure for each
step was estimated from the measured lifetime characteristics of EPR
insulation material.
9. The accuracy and the efficiency of the EPR cables’ lifetime estimation
were presented in the paper. Based on the electric field stress calculation, a
step size of 0.01 mm was recommended and also used in the study.
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